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PREFACE 
As an undergraduate I did a project on the distribution 
of Sitka spruce roots in humus. 	Like others I was impressed 
by the abundance of absorbing roots and, aware of the 
importance of organic layers in the nitrogen economy of 
coniferous ecosystems, decided, to pursue the question of 
rnycorrhizal utilisation of organic nitrogen. 	I have 
retained Sitka spruce as an experimental plant in view of 
its economic importance. 
Experiments were carried out between October 1968 and 
September 1971 in the Department of Forestry and Natural 
Resources, University of Edinburgh. 	The writing has been 
completed in the Department of Botany, University of Aberdeen. 
During both stages I have been encouraged by the advice and 
friendship of my supervisor, Dr. D.C. Malcolm. 	I am very 
grateful to him. 
Amino acid analyses were done in the Department of 
Molecular Biology, University of Edinburgh, under the 
guidance of Dr. R.F.C. Ambler. 	Dr. Roy Vlatling of the 
Royal Botanic Garden, Edinburgh, confirmed the identification 
of many Basidiomycetea. 	I am indebted to them both, as I 
am to all those colleagues in Aberdeen and Edinburgh whose 
criticism and comment have led to much improvement in thought 
- viii - 
and expression. 
I would also like to thank Mr. E. Middleton and 
Mr. A.R. Crawford who helped with photographs and Mrs. L. 
Forbes who lettered the figures. 
The understanding of my wife, Sheena, has sustained 
me throughout. 
Department of Botany 	 Ian J. Alexander 
University of Aberdeen 
27th June 1973. 
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SUMMARY 
Investigations have been carried out into the ectotrophic 
rnycorrhizol association of Sitka spruce and the role of free 
amino acids from humus in its development and metabolism. 
Potential fungal symbionts were isolated from surface 
sterilised roots taken from humus and their ability to form 
rnycorrhizas with Sitka spruce seedlings examined in aseptic 
culture. A weakly mycorrhizal strain of Cenococcuii 
sniforme was obtained but the majority of isolates were 
non-mycorrliz.sl, dark, sterile forms including 1, 1,ycelium 
raclicisatrovirens and 11
,
Rhizoctonia type" mycelium. 	Rhizoc- 
tonia formed a root association of a parasitic nature and 
depressed seedling growth. 	A white sterile isolate (Isolate 
R8) gave rise to a 140'/"'increase in dry matter production of 
inoculated seedlings. 	Although there was no clear anatomical 
evidence for any definite association, short root production 
was enhanced. 
Cultures were also obtained from basidiomycete fructifi-
cations collected in a Sitka spruce stand. 	In aseptic 
culture with seedlings Lactarius rufus readily formed 
ectotrophic mycorrhizss with a well developed sheath and 
Hartig net. 	Mycorrhizalseedling were 140% heavier and 59% 
taller than controls. 	The production of short roots was 
- xc - 
positively correlated with the intensity of mycorrhizal 
infection and the pattern of development in the aerial 
parts of the seedlings may also have been influenced by the 
activity of the fungus. 
The L, F, and H horizons of Sitka spruce humus were 
extracted separately with water or 20% ethanol and then 
re-extracted with 0.1 N barium hydroxide (Ba(OH) 2 ). 	The 
amino acid content of the extracts, as determined by high 
voltage paper electrophoresis and automatic gradient elution 
ion-exchange chromatography, was in the order L>F>H. 
Twenty per cent ethanol extracted 3 - 60 times more acid 
than water and re-extraction with B3(OH) 2 released further 
measurable quantities, particularly from the lower horizons. 
Overall the amounts measured (up to 1400 ig per g air dry 
humus) were about 100 times greater than those reported in 
comparable extracts of agricultural soils. 	Valine, alanine 
and glutamic acid were prominent but few basic amino acids 
were detected. 	It was concluded that free amino acids occur 
in humus in quantities and forms of potential significance 
for mycorrhizsl metabolism. 
In pure culture L. rufus grew well with ammonium tartrate 
or casein hydrolysate, but not with nitrate, as a nitrogen 
source. 	Apart from serine individual amino acids supported 
less growth than ammonium. 	When supplied, at a concentration 
of 0.4 mI'J, in conjunction with ammonium nitrogen they 
appeared, with the exception of lysine, and possibly arginine 
and asparagine, to depress growth. 
The addition of 0.5 mM aspartic acid or serine to a 
- xi - 
substrate containing ammonium nitrogen led to a decrease in 
dry matter production of sterile Sitka spruce seedlings of 
24% and 50% respectively. 	Seedlings treated with aspartic 
acid were short, bushy, and had necrotic needles: those 
treated with serine were stunted, acutely nitrogen deficient, 
and had damaged root systems. 	In the presence of 
mycorrhizas formed by L. rufus the toxic effects of aspartic 
acid were minimized but those of serine only partly removed. 
It appears that mycorrhizal formation may lead to changes in 
the nitrogen metabolism of one or both partners which 
permits the "detoxification" of aspartic acid. 	Further 
studies on the role of externally applied amino acids in 
xnycorrhizal metabolism should characterise the uptake and 
transfer of the compounds involved. 
- 	 - 
CHAPTER 1 
INTRODUCTION 
Large areas of the acid soils of upland Britain have 
been afforested with Sitka spruce (Picea sitchensis (Bong.) 
Carr.). 	In common with other trees of the temperate 
forest zone growing on brown forest or podso1ied soils 
the absorbing roots of the spruce are habitually mycorrhizal 
and are concentrated in the organic horizons at the soil 
surface. 	This superficial root distribution is particularly 
marked in mor humus where mycorrhizas are intimately bound 
to decomposing plant remains by the hyphae of the fungal 
symbiont. 
As long ago as 1894 Prank proposed that in these 
conditions inycorrhizal fungi transport organic nitrogen 
from humus to the higher plant. 	His views were based on 
the low levels of mineral nitrogen, especially nitrate, in 
these horizons compared with the abundance of organic 
nitrogen. 	In recent times this slow mineralisation of 
nitrogen has been well documented and nitrogen has often 
been shown to be a limiting factor for temperate forest 
growth. 	It is probably on this basis that Frank's thesis 
--2— 
is still commonly advanced in the literature (Harley, 1969) 
although it has never been adequately investigated. 
There are surprisingly few studies on the nitrogen 
metabolism of mycorrhizas. 	Melin and Nilsson have shown 
absorption of ammonium (1952) or amino (1953) nitrogen by 
mycorrhizal seedlings and Carrod.us (1966, 1967) has confirmed 
this for excised mycorrhizas. 	Nitrate nitrogen does not 
appear to be absorbed to any extent (Carrodus, op. cit.; 
Smith, 1972). 	Lundeberg (1970) was unable to demonstrate 
the utilization of nitrogen from complex organic molecules 
in humus. 
Rather more is known about the nitrogen metabolism 
of the mycorrhizai fungi heiiwe1ves and pure culture 
experiments have shown that growth is possible on a variety 
of organic and inorganic sources (Lundeberg, op. cit.). 
Amino acids are particularly suitable in this respect and 
the regularity with which they have also been shown to 
stimulate growth of mycorrhizal fungi in the presence of 
inorganic nitrogen indicates that they may be important in 
mycorrhizal metabolism. 	Under natural conditions the 
fungi possibly obtain essential amino acids from the host 
root or root exudates. 	Melin (1954, 1959), however, is 
of the opinion that they are obtained mainly from the soil. 
Melin presents no evidence to support this view and it 
is unclear whether the amino acids in question are obtained 
by the mycorrbizal fungi through enzyme action or from an 
existing pool of free amino acid in the soil. 	The latter 
possibility is supported by reports (Grov and Alvsaker, 
-3- 
1963; Sowden and Ivarson, 1966) of significant quantities 
of free amino acid in humus. 	If this is the case then 
(a) these acids are potential metabolites for inycorrhizal 
fungi and may influence the development of the inycorrhizal 
association and (b) if transferred to the host they may 
also constitute a nitrogen source which, by the avoidance 
of complete mineralisation, is of considerable ecological 
interest. 
In this thesis these possibilities are investigated. 
Three main objectives were defined. 	These were:- 
To carry out preliminary studies on the mycorrhizas 
of Sitica spruce as a basis for further experimentation 
(Chap. 2). 
To investigate the extent to which free amino 
acids occur in the humus of a Sitka spruce stand (Chap. 3). 
To determine the effect of these amino acids on 
mycorrhizal metabolism and tree growth. 	This was done by 
examining the response to amino acide of the partners in 
a mycorrhizal association separately and in synchronous 
culture (Chaps. 4 and 5). 
The amino acid abbreviations used in tables etc. are 
those recommended by the Commission on Biochemical Nomen-
clature (1972). Statistical significance is indicated as 
follows: - 
* 	0.05 ~ p>0.01 




MYCORRHIZAL DEVELOPMENT IN SITK.A SPRUCE, PICEA 
SITCHENSIS (BONG.) CARR. 
Despite the ecological and economic importance of 
Sitka spruce its mycorrliizas have not been widely studied. 
In the nursery material examined by Rayner and Neilson-Jones 
(1944) and Levisol-rn ( 1954, 1965) typical external symptoms 
of infection were rarely encountered and an accurate 
assessment of the degree of infection often required micro- 
scopic investigation. 	Adverse soil conditions and widespread 
root infection by non-mycorrhizal mycelia are undoubtedly 
a complicating factor in these situations. 	In forest soils 
mycorrbizas are more fully developed (Bergemann, 1955) but 
still show considerable variation in anatomical and morpho-
logical features (Laing, 1923; Laiho, 1965). 
Trappe (1962) lists twenty-one fungi as probable 
mycorrhizal associates of Sitka spruce, mainly on the basis 
of collections from North America. 	Levisohn (1965) isolated 
two of these and three others from the roots of British 
nursery material but no references can be found to aseptic 
synthesis of inycorrhiza, and only Laiho (1970) and Levisohn 
-5- 
(1965) have performed semi-aseptic synthesis. 	These trials 
are poorly reported. 
2.1 STUDIES ON FIELD MATERIAL 
The material described in this and subsequent chapters 
was obtained from a 20 year old Sitka spruce stand growing 
at 400 m O.D. in Glen Tress Forest, Peebleshire. 	The 
podsolised soil was intermediate between the Minchmoor and 
Linhope series of the Ettrick soil association described 
by Ragg (1960). 	The annual rainfall in the area generally 
exceeds 1015 mm. 
An estimated 75 - 85% of the absorbing roots were 
concentrated in the organic layers at the soil surface. 
This phenomenon is well known for various woodland types 
(Moore, 1922; Heikurainen, 1955; Mikola and Laiho, 1962; 
Passi, 1963; Harley, 1969) particularly where rnor humus 
has developed (Meyer, 1963, 1967; Meyer and Göttsche, 1971). 
The greatest number of absorbing roots were found in the 
middle and upper parts of the F horizon. 	New roots of 
Sitka (Alexander, 1968) and Norway spruce, Picea abies 
(Mikola and Laiho, op. cit.) generally develop upwards into 
more recent parts of the humus. 
2.11 Morphology 
Mycorrhizal absorbing roots occur in clusters on fine 
roots and rootlets between 0.5 and 1.5 mm thick (Plate 2-1). 
These arise from small structural roots borne on the long 
Plate 2-1. Clusters of Sitka spruce mycorrhizas from the humus 
layer of the ulen Tress site. 
S 
laterals (Sutton, 1969) characteristic of Sitka spruce 
(Laing, 1932; Day, 196 2 ). 
The mode of branching of the mycorrhizal systems ranged 
from diffuse and irregular through inonopodial and racemose 
to flattened pinnate. 	This is essentially similar to the 
gradation described by Harley (1969) for beech and is 
considered to represent increasing intensity of fungal 
infection. 	In spruce no coralloid or nodular infections 
were noted and racemose or irregular branching was the most 
common. 	Pinnate systems were usually associated with 
decaying wood or bark fragments. 
Individual mycorrhizas varied from 1 - 3 mm in length 
but were straight sided and of rather uniform (0.5 mm) 
diameter. 	They were predominantly clear brown or cream in 
colour and appeared waxy under low magnification, although 
occasional clusters were enveloped in coarse white hyphae. 
In irregular or diffuse systems individual axes bore "pseudo-
mycorrhizas (Melin, 1923; Levisohn, 1963), beaded roots 
(Beslow et al., 1970) and uninfected short roots with root 
hairs as well as various mycorrbizas. 	The most common of 
these was a type in which only the apex is infected and 
swollen (Harley, 1969; Bjorkman, 1941). 
2.12 	Anatomy 
The general anatomy of non-rnycorrhizal, mycorrhizal, 
and pseudomycorrhizel short roots of conifers has been 
described many times (Orlov, 1957; Bogar and Smith, 1965). 
Only the anatomy of well developed mycorrhizas from pinnate 
-7- 
or racemose systems is described here. 
Fresh material was carefully dissected out under low 
(xlO - x20) magnification, fixed in weak chroniacetic acid, 
dehydrated in tertiary butyl alcohol (Johansen, 1940), and 
embedded in paraffin wax. 	Sections 8 - 10 ji thick were 
cut on a rotary microtome, differentially stained with 
safranin and picro-aniline blue (Jackson, 1947) and mounted 
in Euparol. 	A typical transverse section is described 
below. 
(i) General anatomy (Plate 2 - 2a). 	Ectotrophic 
mycorrhiza with mantle and Hartig net. 	Intra- 
cellular infection occasional but only in distorted 
cells or outer cortex. 	Diameter of composite 
organ 400 i. 	Cells of turgid cortex 30 - 75 i in 
cross sectional diameter. 	Xylem diarch. 	Dominik 
(1959) subtype B. 
Mantle structure (Plate 2 - 2b). 	Thin, 10 - 
12 p, consisting of densely packed, narrow (3 - 4 )i), 
hyaline, hyphae running at right angles to axis of 
root (prosenchyma). 	Surface smooth. 	Occasional 
thicker (4 - 6 ) radiating hyphae with encrustations 
and infrequent clamp connections. 	One or two layers 
of separated, collapsed cortical cells with dense 
opaque contents contained in or just beneath mantle. 
Hartnet (Plate 2 - 2b). 	Intrudes one 
hyphal thickness between the cells of the outer 













PLATE 2-2. 	T.S. ectotrophic mycorrhiza of Sitka spruce from humus showing sheath (s), 
distorted cortical cells (c) and Hartig net (H). 
at right angles to axis of root. 	Typical labyrin- 
thine arrangement on end walls of cortical cells. 
This description is similar to that of Sitka spruce 
mycorrhizas growing in forest soil given by Bergemann (1955). 
A survey of hand cut sections showed a proportion of the 
niycorrhizas differed from that described above. 	No mycor- 
rhizas lacking a mantle, as reported by Laiho (1965), were 
found in the pinnate or racemose systems investigated, but 
several did have a thicker and more diffuse mantle. 	Often 
individual, dark, thick walled, hyphae fitting the description 
of Cenococcumgraniforme were seen on the surface of mantles 
formed by other fungi but true Cenococcum rnycorrhizas were 
never observed. 
Most of the finer long roots of Sitka spruce also appear 
to be covered with a fungal sheath although the cortex is 
completely collapsed and intercellular hyphae are numerous. 
2.2 	ISOLATION OF ]VIYCORRI-IIZAL FUNGI 
The mycelium of fungi thought to form ectotrophic 
mycorrhizas may be isolated from mycorrhizal roots, from 
fruiting bodies of known taxonomic identity, or from rhizo-
morphs or aclerotia in soil. 	This latter method has only 
limited application (Levisohn, 1955; Trappe, 1969). 	Before 
an isolate can be confirmed as a mycorrhiza-former its 
ability to form mycorrhizas with host roots in aseptic 
culture must be experimentally demonstrated (Maim, 1936). 
2.21 	Isolations from root material 
Mycorrhizal fungi isolated from roots are likely to be 
those which are significant under field conditions (Zak 
and Bryan, 1963; Zak and Marx, 1964). 	Although their 
identity can be established by hyphai fusion (Buller, 1933) 
or critical comparison with mycelium obtained from fruiting 
bodies or from established culture collections, many isolates 
obtained in this way remain unidentified and it seems probable 
that they fruit infrequently, insignificantly, or not at all. 
Warcup (1959) has shown this to be true of soil inhabiting 
Basidiomycetes. 
2.211 	Methods: Samples of humus (F horizon) contairiiiig 
mycorrhizas were taken from the site at 
irregular intervals from November 1968 to 
August 1969. 	The same day lengths of fine root bearing 
pinnate or racemose mycorrhizas were removed from the litter, 
washed to remove most of the adhering debris and examined 
under low magnification. 	Root segments 0.5 - 1.5 cm in 
length, bearing 2 - 6 mycorrhizas, were selected for further 
treatment on the basis of vigour and cleanliness. 
The segments were washed and surface sterilised (Zak 
and Bryan, 1963; Levisohn, 1965) in batches of 15 in a 
8.0 x 2.5 cm polythene tube one end of which was sealed by 
nylon gauze. 	This was agitated in a jar containing 200 ml 
of weak detergent solution (2 - 3 ml Tepol in water) for 3 
minutes, rinsed for 3 minutes with cold tap water, and then 
transferred to a jar containing 200 ml of sterilant for 
- 10 - 
periods ranging from 10 seconds to 10 minutes. 
The sterilant normally employed was a 0.1 % solution of 
mercuric chloride (HgC1 2 ) for 10 - 20 seconds, but 0.01% 
silver chloride (AgCl : 30 seconds - 4 minutes), 30% hydrogen 
peroxide (H2 02 : 10 seconds) and 1% sodium hypochiorite 
(NaHC102 : 10 minutes) were also used. 	After sterilisation 
the segments were rinsed with 3 L of sterile distilled water 
and aseptically transferred to sterile petri dishes. 
All subsequent operations were carried out in an air-
filtered culture room. 	The individual mycorrhizas were 
severed with a flamed scalpel and plated on agar media 
(Table 2.1). 	In later batches only the apical 1 mm of the 
mycorrhizss was excised. 	These were plated as before or 
homogenised with a small quantity of sterile water and added 
to molten agar. 	The plates were incubated in darkness at 
250 for up to 10 weeks. 	Over 900 individual mycorrhizas 
were treated in this way. 
2.212 	Results: About 20% of the root tips remained sterile 
throughout this period. 	A further 30$ 
became contaminated with bacteria or 
sporing fungi such as Penicillium spp. or Trichoderma spp. and 
were discarded. 	Non-sporing mycelium emerged from the 
remainder 10 days to 6 weeks after pla ting and these cultures, 
many of which proved to be mixed, were retained and trans- 
ferred to fresh medium. 	By repeated, rapid sub-culturing 
several pure colonies were obtained. 
Despite the variety of sterilising schedules, media, and 
- 11 - 
I, 
Table 2-1 
Media employed for isolations from mycorrhizas 
1.5% Hagem malt agar (Modess, 1941) + 25 ppm thimine 
1.5% Hagern agar (Hagem, 1910) + 0.3% yeast extract 
1.5% Melin - Norkrans' agar (Norkrans, 1949) + 0.3% yeast extract 
0.5% Llikola's gelatin agar (Laiho, 1965) 
1.5% Prune agar 
1.5 0/lo Lima bean agar 	 Oxoid 
1.5% Tomato agar 	J 
All media contained 80 ppm streptomycin sulphate to 
suppress bacterial growth and were autoclaved for 15 minutes 
at 120° C and 15 p.s.i. 
- 12 - 
plating techniques employed none were typical Basidioinycete 
cultures. 	The excision of clamp bearing hyphae radiating 
from washed but unsterilised mycorrhizas was equally 
unsuccessful. 
The cultures of sterile mycelia retained varied in 
colour from pure black to almost pure white and in growth 
rate (on lThgem malt agar) from 2 to 4 cm per month. 	They 
could be placed in four groups. 
Cenococcum graniforme (Sow.) Ferd. and 'Vinge. 
This distinctive fungus with jet black hyphae (3 - 5 11 in 
diam.) has been isolated from mycorrhizas of many tree 
species (Trappe, 1964). 	The two isolates from this study 
differ from that supplied by C.B.S. Baa ne 	by a faster 
growth rate, less aerial mycelium and a light coloured 
growing margin. 	In this they appear to resemble strains 
encountered by Mikola (1948). 
Rhizoctonia type. 	A large number of dark brown 
or black isolates which normally arose from the base of 
mycorrhizas possessed mycelial branching patterns charac-
teristic of the form-genus Ithizoctonia De Csndolle. 	Older 
cultures produced chains of rnonilioid cells or "oblamydo-
spores", and aclerotia, typical of the genus (Saksena and 
Vaartaja, 1961). 	At least two widely divergent types 
could be recognised. 	One was similar to Rhizoctonia 
sylvestris Melin obtained from C.B.S. Baarne, and is 
probably closely related to the "Rhizoctonia type mycelium" 
Centraalbureau voor Schirrmelcul±ures, Oosterstraat 1, 
Baarne, Nederland. 
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isolated from Sitka spruce roots by Rayner and Levisohn 
(1941) and Levisohn (1954, 1965). 	The other had a much 
slower growth rate and produced very regular chains of 
large (10 - 12 u) symmetrical chiamydospores. 
Mycelium radicis atrovirens (M.r.a) type.. About 
60o of the isolates, which ranged in colour from grey to 
dark brown, showed affinity with Nyceliurn radicis atrovirens 
Melin (Melin, 1923). 
There was considerable variation in this group, parti-
cularly with regard to pigmentation and the production of 
aerial hyphae. 	Sectoring of cultures (Burnett, 1968) was 
common and segments of dark serial hyphae alternated with 
patches of lighter, faster growing, submerged hyphae. 
Overall the cultures were less pigmented and produced less 
aerial hyphae than either the type culture described by 
Melin or a culture isolated from Sitka spruce roots by 
Levisohn (supplied by C.B.S. Baarne). 	The byphal charac- 
ters were in agreement with Melin's description but their 
dimensions were smaller (1 - 2 u) and similar to those of 
the Leviso1n culture. 
Gams (1963) has examined numerous strains of M.r.. and 
considers it to be a genetically heterogenous species. 
This has been confirmed in the large number of strains 
isolated from roots (Manka, 1960; Levisohn, 1965; Richard 
and Fortin, 1970) and the taxonomic relationship of those 
obtained here was not pursued. 
"White"type: Three types of isolate were con- 
veniently included in this group. 	A number were very 
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similar to the submerged portions of the 	type cultures 
described above and may represent some form of that fungus. 
Others produced a dense, cream-coloured, greasy mat of thin 
(2 	submerged hypbae with infrequent cross walls. 	It 
was very difficult to free these cultures from bacterial 
contamination. 
The third type (R type) produced a distinctive pure 
white colony with profuse short aerial strands which in 
young cultures appeared to be spirally arranged. 	The sub- 
merged hyphae were unusually thin (0.7 - 1.5 p) with very 
infrequent septae. 	These isolates were obtained only from 
the tips of mycorrhizas. 
2.213 	Discussion. 	Hymenonycete (Levisohn, 1965) and 
E-strain (Laiho, 1965) synibionts have 
been isolated from mycorrhizas of Sitka 
spruce seedlings in nurseries but no reference can be found 
to successful isolations from the mycorrhizas of mature 
trees in forest conditions. 	Only Cenococcum has been 
isolated in this study and similar work elsewhere (Seaby, 
pers. comm.) has, to date, been equally unsuccessful. 
Many mycorrhizal fungi are difficult to grow in pure 
culture and several have been grown only in media containing 
extracts of living roots. 	The specific requirements of 
such fungi may not have been met in the media employed in 
this study. 	Alternatively, the surface sterilization 
procedures used may have killed the fungal partner. 
However, in view of the large numbers of non-mycorrhizal 
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isolates which were obtained it seems more probable that 
rapid growth of these swamped the less vigorous symbiotic 
forms. 
Under these circumstances it is strange that the two 
potentially mycorrhizal cultures obtained were of Cenococcwn, 
which is reputedly difficult to isolate from mycorrhizas 
(Trappe, 1969). 	As no typical Cenococcum niycorrhizas were 
plated out these cultures presumably arose from occasional 
individual hyphae observed in the anatomical survey. 
Sterile mycelia, as isolated here, have been found both 
in and on the roots of several plants (Harley and Waid, 1955; 
Waid, 1957; Taylor and Parkinson, 1965) and are thought to be 
important as primary colonisers of cortical tissue. 	There 
is some evidence in this study to support Waid's (op. cit.) 
observations that light coloured forms precede dark coloured 
ones. 
Rhizoctonia and M.r.a type mycelia are particularly 
associated with the pseudomycorrhizas of woody species 
(Harley. 1969) from which they have been repeatedly isolated 
(Melin, 1923; Rayner and Levisohn, 1941; Manka, 1960). 
However, in this study they have been isolated from mycorr-
hizas deliberately selected on the grounds of vigour and 
cleanliness. 	It seems likely that Rhizoctonia arose mainly 
from the basal part of the mycorrhizas, where cortical tissue 
had started to degenerate (Orlov, 1957). 	M.r.a was equally 
common on all parts of the mycorrhizas confirming that "in 
nature, short roots in raw humus can be colonized by 
M. radicisatrovirens whether ectomycorrhizal fungi are 
IMM 
present or not" (Richard et al., 1971). 
2.22 	Isolations from sporophores 
A list of the .Agarics and Boleti regularly fruiting 
under a given tree species is a useful first approximation 
of its possible niycorrhizal partners (Trappe, 1962). 
However, even after pure culture synthesis has confirmed the 
existence of a particular association, its importance under 
field conditions can only be assumed until demonstrated by 
more detailed study (Pachlewski, 1967). 
The species occurring in the study area during 1969 and 
1970 are shown in Table 2.2. 	The nomenclature of Dennis 
et al. (1960) is used throughout. 
A. rnuscaria, B. edulis and B. piperatus are classified 
as presumptive mycorrhiza formers with Sitka spruce (Trappe, 
1961a,1963) on the basis of observations in natural stands 
in North West America. 	Although on the study area 
A. muscaria and B. edulis were found under spruce trees 
they were both within 4 m of two small (1 m) birch seedlings 
and may possibly have been associated with this species. 	Of 
the species listed only tus and L. rufus were 
consistently found in association with Sitka spruce in other 
parts of Scotland. 
Pure cultures of the species indicated were obtained 
by plating a small piece of gill or pore tissue on Hagern malt 
agar (Modess, 1941) with 25 ppm thiamine. 	Hyphae emerged 
after 7 days at 25 0C. 	P. album proved impossible to sub- 
culture and was discarded. 	The others were transferred to 
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Table 2-2 
Agarics and Boleti observed on the study area with an 
indication of their ability to form mycorrhiza 
(according to Trappe, 1962) 
(1) 
Observed Pure Mycorrhiza—former with Species culture Sitka Other in obtained spruce species 
Amanita muscaria 1969, * (+) + 
(L. 	ex Fr.) Hooker 1970 
Boletus edulis Bull. ex 1970 * () + 
Fr. 	(sap. 	edulis 
Watlin g . 1970) 
Boletus piperatus Bull. 1969, * (+) (+) 
ex Fr. 1970 
Clitybe clavicps 1969 - - 
(Pers. ex Fr.) Kummer 
Cortinarius gentilis 1969, - - 
1970 
Cystoderma amianthinum 1969,  6CIT
TCTTTF1ayod 1970 
Lactarius rufus (Scop. 1969, * - + 
ex Fr.) Fr. 1970 
Mycena 	(Fr.) S.F. Gray sp.1969 - - 
Tricholoma album (Schseff. 1969 * - (+) 
ex Fr.) Kummer 
Tricholomopsisrutilans 1969 - - 
Schseff.ex Fr. T  Sing. 
Ci) + = shown to form mycorrhiza in pure culture 
(+) = presumed to form mycorrhiza on the basis of 
ecology and taxonomy. 
agar slants and stored at 200. 	A. muscari..a and B. piperatus 
proved difficult to subculture and eventually died. 	The 
most vigorous growth was shown by L. rufus. 
2.3 PURE CULTURE SYNTHESIS 
The formation of mycorrhizas in pure culture confirms 
the specific host/fungus association and provides defined 
material for the study of mycorrhizal physiology. 	Traditional 
methods, based on those of Melin (1921), simply enclose both 
fungus and host within an Erlenmeyer flask. 	This gives rise 
to unnatural atmospheric conditions. 	More recent methods 
employ custom built uni 	of varying degroos of complexily 
(Miller and Schmidt, 19650; Barber, 1967; Trappe, 1967) or 
specialized growth chambers (Lindsey, 1967; Marx and Bryan, 
1969). 	As these were unavailable the drawbacks of the 
enclosed flask technique were accepted and the method of 
Hacksaylo (1953), as modified by Marx and Zak (1965), was 
adopted. 
2.31 	General methods 
2.311 Substrate. 	The substrate consisted of a mixture of 
vermiculite and peat moistened with 
nutrient solution. 	Small quantities of 
peat counteract the buffering action of vermiculite during 
autoclaving with nutrient solution and lead to the establish- 
ment of a stable pH (Marx nnd Zak, 1965). 	A ratio of peat 
nutrient solution : vermiculite of 1 	4 : 5 by volume gave, 
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after autoclaving, a pH of between 5.0 and 5.5. 	The vermi- 
culite1 was screened through a 2 mm sieve to remove dust and 
the peat  pulverised in a hammer mill with a 2 mm mesh. 
2.312 Seeds and Inoculum. 	Medium sized seeds 3 were 
selected to minimise initial 
growth response (Fowells, 1953), 
surface sterilised. with 351;1c H0 (Trappe, 1961b) and germi-
nated on 1.5% Hagem malt agar at room temperature and 
ambient daylength. 	Although acceptable sterilisation was 
achieved after 15 minutes exposure to H 2 02 , fastest germina- 
tion time (14 - 18 days) occurred after 30 minutes. 	As the 
radicles of the seedlings 	pared undamsgcd the longer 
exposure was adopted. 	The best results were obtained when 
the seeds were pressed into the surface of the agar. 
Contrary to the findings of Shemakhanova (1967) agar concen- 
trations below 1.25% delayed germination. 	Uncontaminated 
seedlings with intact, 1 - 2 cm long radicles were selected 
for planting. 
Plugs of solid inoculurn were obtained from the perimeter 
of 4 week old colonies growing on Hagem malt agar (+ 25 ppm 
thiamine). 	Liquid inoculum was obtained from 7 day old 
shaking liquid cultures (Hagem malt broth + 25 ppm thiamine) 
homogenised for 20 a at low speed. 





Irish peat moss: Bord na Mona. 
Forestry commission Research Branch Seed Lot 66(711)2. 
QC Islands. 
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2.313 Growth conditions. 	On sunny days the temperature 
of the peat/vermiculite substrate 
in dummy flasks placed on the 
greenhouse bench regularly rose to 35 °C. 	The corresponding 
temperature of the atmosphere within theflasks was 4000. 
During experiments the bases of the flasks were therefore immersed 
in a refrigerated water bath. 	'Whenever the temperature of the 
substrate rose above 20 0C a contact thermometer in a dummy 
flask triggered a pumping system which passed water at 17 °C 
through the bath, thus maintaining substrate temperatures below 
2500. 	A translucent nylon mesh canopy gave 255 overhead 
shading. 	The experiments were completely randomized at the 
outset and rerandomized at 14 day inierv1u. 	During the first 
ten days the flasks were assessed visually for contamination and 
seedling death. 	Replacement flasks were substituted where 
necessary. 
2.314 Harvesting. 	The flasks were opened in an air-filtered 
transfer room and samples of the substrate 
plated on Hagem malt agar to test for 
contamination. 
The seedlings were carefully removed and their root systems 
washed. 	Presence or absence of mycorrhizas was confirmed using 
a binocular microscope and counts were made of the number of 
short roots and the number of mycorrhizas. 	The degree of mycor- 
rhizal infection, or ixiycorrhizal intensity, was expressed as the 
percentage of the totl number of short roots whcb were mycorrhiz2 
Root systems of representative seedlings were arranged 
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on moist chromatography paper and photographed. 	Samples 
of mycorrhizas and uninfected short roots were also photo-
graphed (through water) and were fixed, sectioned and 
stained as previously described. 	Individual root and 
shoot systems were dried for 24 hours at 90°C, cooled in a 
desiccator and weighed to 0.1 mg. 
2.32 	Experiment I 
Synthesis experiments were carried out with cultures 
of Cenococcum gEaniforme and a Rhizoctonia type isolate 
isolated from Sitka spruce roots. 
Cenococcurn is listed as a probable mycorrhizal associate 
of Sitka spruce by Trappe (1962) and has been i t~ uia t ed from 
Sitka spruce roots by Levisohn (1965). 	It is not clear 
from Levisohn's paper whether or not Cenococcuni mycorrhizas 
were resynthesized in "'sterile' pot cultures of young 
seedlings" but at any rate it is doubtful that these could be 
accepted as true aseptic syntheses. 
The same author (Levisohn, 1954) has claimed that 
Rhizoctonia type mycelium very similar to that used here is 
responsible for a mildly parasitic invasion of spruce roots 
characterised by a coarse intercellular net. 	Mikola (1965) 
and Laiho (1965) have disagreed. 
A few synthesis trials, carried out with Mycelium 
radicis atrovirens isolates, gave very variable results and 
are not reported here. 	Symptoms ranged from those described 
by Richard et al. (1971) for Picea inariana to those of a 
slight and apparently benign infection. 
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2.321 Methods. 	Two-litre narrow necked Erlenmeyer culture 
flasks were prepared by adding a mixture 
of 150 ml of ground peat moss and 750 ml 
of screened vermiculite. 	This was moistened with 600 ml of 
Melin's (1936) nutrient solution as modified by Norkrans 
(1949) with the addition of 15ig/l thiamine (Melin and 
Nilsson, 1952). 	The flasks were plugged with cotton wool, 
capped with aluminium foil and autoclaved for 30 minutes 
at 121° C and 15 p.s.i. 	They were cooled for 24 hours, 
reautoclaved for 30 minutes, and allowed to cool for 48 
hours. 	The p1-I of the substrate at this time was 5.3 and 
deviated only ± 0.4 unit throughout the experiment. 
Ten flasks were allotted to cch treatment. 	Five 
received 10 ml of liquid inoculum distributed over the 
surface of the vermiculite and 5 received a 1.0 cm  agar 
plug placed just under the surface 3 cm from the centre of 
the flask. 	Control flasks received 10 ml sterile Hagem 
broth or sterile agar plugs. 	One week later sterile 
seedlings were planted in the centre of the flasks. 	All 
operations were carried out in an air-filtered transfer room. 
The experiment lasted 17 weeks (11.6.69 - 14.10.69) 
during which time natural daylight was supplemented with 
quartz iodine lighting on a long day cycle (19 - hour day: 
4 - hour night). 
2.322 Results. 	Over 75% of the flasks became contaminated 
(Table 2-3), commonly by Penicillium spp. 
Trichoderma viride, and Bacillus app. 	In 
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some oases contamination was evident after 2 - 3 weeks 
growth. 	At least two flasks in each treatment remained 
uncontaminated throughout the experiment. 
Table 2-3 
Experiment I: Contamination and survival of seedlings 
Treatment Seedlings planted 
Seedlings Seedlings 
(inc. 	replacements) contaminated surviving* 
Control 11 9 8 	(2) 
C. granifoe 10 7 9 	(3) 
Rhizoctonia 12 10 6 	(2) 
Total 33 26 23 	(7) 
* .Iigures ill brackets refer to uncontaminated seedlings 
The survival of seedlings was greatest in the C. grani-
forme treatment and least in the Rhizoctonia treatment. 	most 
of the deaths occurred in the first 4 weeks. 
There are too few data to compare the growth and 
mycorrhizal infection of uncontaminated seedlings and the 
inclusion of data from contaminated seedlings introduces 
variability which makes statistical comparisons meaningless. 
Qualitative comparisons of growth were made but these also 
may reflect the influence of contaminating organisms. 
Seedlings inoculated with C. graniforme grew well and 
possessed imperfectly developed ectotrophic mycorrhizas. 
Infection was higher in the liquid inoculum treatment (Table 
2-5). 	Those inoculated with Rhizoctonia were chiorotic, 
often severely stunted, and developed a root association of 
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a parasitic nature. 	No inycorrhizal or other association 
was formed in the control treatment. 
Table 2-5 
Percentage of infected short roots of Sitka spruce seedlings 
treated with solid and liquid inoculurn of two fungi 












-° 	-4-4 	(' 	'-rvviforme The macroscopic symptoiiw Ui 11J 	UJ.JL billy  
were an increase in the number of lateral roots and stimulated 
production of short roots (Plate 2-3a). 	Infected short roots 
appeared stunted (0.5 - 1.5 mm) and swollen and were borne 
inonopodially on the main laterals (Plates 2-4a, 2-5a). 	Root 
hairs were more or less absent, particularly towards the apex, 
and the distinctive black hyphae of C. graniforme were con-
spicuous on and around the root surface. 
A typical cross section is described below. 
(1) General anatomy (Plate 2-6a). 	Ectotrophic 
mycorrhiza, 200 u in diameter, lacking mantle and 
with poorly developed Hartig net. 	No intra- 
cellular infection. 	Cells of outer cortex 
distorted with dense-staining contents. 	Cells 









PLATE 2-3. 	Experiment I. 	Growth and morphology of Sitka spruce seedlings (a) inoculated 






PLATE 2-4. 	Experiment I. 	The central part o -f the root system of the seedlings shown 
in Plate 2-3. Note the stimulation of branchin 1 in (a), C. graniforme, and the straggly 












PLATE 2-5. 	Experiment I. 	Absorbing roots of Sitka 
spruce seedlings (a) infected with C. graniforine, 
(b) infected with Pdiizoctonia and (c) uninfected. 















PLATE 2-6. 	Experiment I. 	(a) and (b) T.S. absorbing root of Sitka spruce infected with 
C. graniforine showing imperfectly developed Hartig net (H) and cortical cells with dense 
staihing contents (co). 
(c) T.S. absorbing root infected with Rhizoctonia showing 
"sheath" of cblamydospores (ch) and intracellular hyphae (h). 
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Mantle structure. 	Mantle absent. 
Occasional radiating hyphae. 
Hartig net (Plate 2-6b). 	Incomplete. 	Thin 
colourless hyphae running parallel to main axis of 
root between cells of outer cortex.. 
Infection by Rhizoctonia gave rise to a much reduced root 
system, with few branches, bearing numerous long (6 - 8 mm), 
thin (200 - 350 ))), pointed short roots (Plates 2-3b, 2-4b, 
2-5b). 	Root hairs were normally absent and the short roots 
were often dark in colour. 	In transverse section (Plate 
2-6c) the cortical cells are largely disintegrated and infested 
with hyphae. 	The outermost cells are completely ruptured 
and incorporated in a sheath composed of tightly packed 
chains of chlamydospores. 	This sheath, which has the 
appearance of pseudoparenchyma, varies in thickness from 15 
- 30 . 
2.323 Discussion: Although there were no symbiotic con- 
taminants and sufficient flasks remained 
from which to characterise the associations 
formed by the test fungi, the aseptic technique used in this 
experiment was not satisfactory. 
Tests showed the insulating properties of vermiculite 
were such that during autoclaving for 30 minutes at 12100  the 
centre of the substrate rose above 115 °C for only 6 minutes. 
As most of the contaminating organisms could be isolated 
from unautoclaved substrate insufficient sterilisation was 
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assumed to be the major flaw in the technique. 
The mycorrhizas formed by C. graniforine in this study 
are unlike those which the fungus has been shown to form 
on other hosts (Harley, 1969). 	However, the strain used 
here was not typical of the species and was not isolated from 
a typical C. granifornie mycorrhiza. 	C. graniforme is known 
to have a wide ecological tolerance, to be capable of a 
saprophytic existence, and has been previously shown to 
exist in the mantle of birch (Betula verrucosa) mycorrhizas 
formed by other fungi (Mikola, 1948). 	The isolate used 
here is of this latter type and appears to lack the potential 
to form true ectotrophic mycorrhizas. 
The degree of infection varied from 0 -- 87% and 
reflects both the variation in host resistance and the 
different types of inoculum. 	The slow growing fungus 
appeared more capable of colonising the whole root system 
when dispersed throughout the substrate. 	Growth stimulation 
following infection was not conclusively demonstrated and, 
even if present, may stein from the production of antibiotics 
by the fungus (Krywolap et al., 1964) rather than from 
increased nutrient absorbing capacity. 
The type of association formed by Rhizoctonia has been 
called ttpseudomycorrhizalPt but is more correctly described 
as parasitic. 	It bears no resemblance to the association 
attributed to a similar fungus by Levisohn (1954) but 
corresponds closely to the symptoms of Rhizoctonia infection 
of pine described by Saksena and Vaartaja (1961). 	The 
association described by Levisohn (op. cit.) is almost 
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certainly that of ectendotrophic mycorrhiza (Mikola, 1965; 
Laiho, 1965). 
Infection ranged from 32 - 73% and several seedlings 
were killed outright. 	The effect on mature trees is 
difficult to judge. Mikola and Laiho (1962) have shown 
that 5 - 12% of the absorbing roots of Norway spruce in 
humus are pseudomycorrhizas. These structures and true 
mycorrhizas partially infected by Rhizoctonia cannot be 
regarded as efficient parts of the absorbing root system. 
2.33 Experiment II 
Synthesis experiments were carried out using cultures 
of Lactarius rufus, Boletus piperatus and Amanita muscria 
obtained from fructifications as well as a white (R) type 
culture (Isolate R8) obtained from surface sterilized roots. 
A. muscaria has been shown to form mycorrhizss under 
aseptic conditions with several species (Trappe, 1962). 
L. rufus is only known to do so with Pinus mu 2. (Modess, 
1941) and Pinus sylvestris (Pachiewaki, 1967). 	Modess (op. 
cit.) failed to synthesise mycorrhizas with B. piperatus on 
Pinus muo, P. sylvestris or Picea abies. 
2.331 Methods: Several modifications were made to techniques. 
The volume of substrate was reduced to ensure 
adequate fungal colonisation; liquid 
inoculum could not be used as the basidioinycetes would not 
grow in liquid culture. 	This also gave more space for 
aerial development by the seedlings. 	The sterilising 
procedure was improved in an attempt to minimise contamination 
and, to allow a larger number of replicates per treatment, two 
seedlings were planted in each flask. 
Two litre Erlenmeyer flasks containing a mixture of 
500 ml of vermiculite and 100 ml of peat were autoclaved for 
2 hours. 	After cooling, 400 ml of Melin-Nilsson nutrient 
were added, and the flasks were plugged with cotton wool, 
capped with two layers of aluminium foil, and reautoclaved 
for 1 hour. 	Flasks which appeared uncontaminated after 7 
days at room temperature were finally reautoclaved for 25 
minutes. 	The pH of the substrate was 5.4 and rose 0.3 unit 
during the course of the experiment. 
Two seeds, germinated as before, were plcntcd 5 cm 
apart in the centre of each flask and a plug of inoculum 
taken from the margin of a 4 week old culture on Hagem malt 
agar was placed 1 cm below the surface of the substrate mid- 
way between them. 
The flasks were held in the laboratory for 7 days to 
confirm the absence of contamination and then randomized in 
the water bath on the greenhouse bench. 	The experiment was 
carried out under the conditions previously described and 
was terminated when the seediins were 14 weeks old (23.1.7 0 
- 1.5.70). 	In addition to the standard parameters, root 
length and the number of active shoot meristems were recorded 
for each seedling. 
2.332 Results: Although fewer than in the previous experi-
ment, 45% of the flasks were found to be 
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contaminated (Table 2-6). 	In addition several uncontaminated 
seedlings had died or developed abnormally, probably as a 
result of damage to the radicle during planting. 	All con- 
taminated and abnormally developed seedlings were discarded. 
Table 2-6 
Experiment II: Contamination and survival 












5 	 2 	 5 
5 	 1 	 7 
5 	 4 	 1 
5 	 2 	 6 
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25 	 11 	 24 
L. rufus and R8 could be re-isolated from fragments of 
vermiculite taken from flasks but A. muscaria and B. piperatus 
could not. 	The plugs of inoculum of the latter fungi were 
recovered, examined microscopically, and as far as could be 
ascertained no growth had occurred. 	As inoculuni from the 
same source transferred, at the beginning of the experiment, 
to agar had also failed to grow these treatments were 
considered invalid. 	Only one uncontaminated seedling 
survived in the A. muscaria treatment and although six 
survived in the B. piperatus treatment they did not appear 
to differ from the controls. 	These two treatments therefore 
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were discarded and the remaining data subjected to an analysis 
of variance. 	The significance of the difference between 
means was determined using Duncan's Multiple Range Test 
(Duncan, 1955, 1957) (Table 2-7). 	For those parameters 
where the F ratio was not significant, Duncan's test was not 
applied, and the means were assumed to be not significantly 
different. 
Seedlings inoculated with L. rufus developed perfect 
ectotrophic rnycorrhizas. 	Those inoculated with isolate R8, 
while non-mycorrhizal, had root systems differing markedly 
from those of the control seedlings. 	Both groups of 
inoculated seedlings showed significantly greater height 
growth and total dry weight production than the controls. 
The dry weight increase was relatively greater in the root 
systems, particularly in the seedling_- inoculated with R8. 
This is reflected in the root : shoot ratios. 	The increase 
in shoot weight appeared to be related not only to increased 
height growth and denser foliage but, in the case of L. rufus, 
also to an increase in the production of lateral branches. 
This may account for the significantly different mean weight 
per unit height of the mycorrhizal and control seedlings 
(Table 2-8). 
The root system morphology of inoculated plants was 
different from that of the controls (Plate 2-7) and this 
could be quantified in terms of the length of lateral root, 
total number of short roots and number of short roots per cm 
of lateral root. 	Total root length and short root 
production was greatest in the seedlings inoculated with 
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Table 2-7 
Experiment II: Effect of fungal inoculation on growth 
and development of Sitka spruce seedlings 
Growth measurement Ranked means F 
Control R8 L. rufus 
Height (cm) 5.8 - 	 9.0 9.2 3.877* 
Control L. rufus R8 
Total dry wt. (mg) 72.6 174.2 175.5 5.918* 
Control R8 L. rufus 
Shoot dry wt. ()PS) 4.7.1 91.5 100.2 4.974* 
Control L. rufus R6 
Root dry wt.(mg) 25.5 74.0 84.0 7.216** 
Control L. rufus R8 
Root 	: Shoot ratio 0.595 0.765  4333* 
Control L. rufus R8 
Length of lateral root 98.2 219.0 271.2 4.188* 
(cm) 
Control L. rufus R8 
Total no. of short 60.8 236.7 371.8—  6.956** 
roots 
Control L. rufus R8 
No. 	short roots oer 0.64 1.17 _1.41 3939* 
cm of lateral root 
R8 Control L. 'rufus 
No. active shoot men- 4-.00 4.50 5.86_ 3.407 
stems 
All means underscored by the same line are not signifi-
cantly different at the 5% level 
9 
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(c) 
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PLATE 2-7. 	Experiment II. 
Growth and morphology of 
Sitka spruce seedlings 
inoculated with L. rufus 
inoculated with R8 and 
uninoculated. 
I 	I 
9 	 I 
(b 
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isolate R8. 
Table 2-8 
Mean weight per unit height (mg/cm) of mycorrhizal 
(L. rufus) and control seedlings 
Ivlycorrhizal (n = 7) 
	







From 2$ to 90% of the short roots of seedlings inoculated 
with L. rufus were mycorrbizal. 	The susceptibility of 
individual seedlings to infection varied considerably. 	Table 
2-9 shows measurements from a pair of seedlings from the same 
culture flask. 	Although mycelial development was profuse on 
the surface of the roots of seedling 7a relatively few 
mycorrhizas were formed. 
Table 2-9 
Dry wt.distribution, root morphology and degree of infection 
by L. rufus of a pair of spruce seedlings from the same flask 
Shoot Root Total Root Short 
Seedling 	D.W. D.W. D.W. length roots Infection 
(mg) (mg) (mg) (cm) per cm 
7a 	126.8 98.4 225.2 350 0.85 33 
7b 	135.5 70.9 206.4 224 2.14 90 
The number of short roots per cm of root length or per 
mg of root weight was positively correlated with the intensity 
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of infection (Fig. 2-1) and there was a slight negative 
correlation with the root : shoot ratio. 	There was no 
correlation between height growth or dry matter production 
and the intensity of infection. 
The intensity of infection by isolate R8 could not be 
calculated (see below) but the data indicate that the root 
shoot ratio and the number of short roots per cm were least 
variable in this treatment (Table 2-10), suggesting that 
the effect of the fungus was uniform throughout. 
Table 2-10 
Variability in root : shoot ratio and short root production 
of spruce seedlings in all treatineuts 
Treatment means 
Parameter 	(coefficients of variation in brackets) 
Control 	L. rufus 	RB 
Root 	shoot ratio 	0.595 (36%) 	0.765 ( 2 6%) 	0.946 (16%) 
Short roots per cm 	0.64 (47%) 	1.17 (53%) 	1.41 (22%) 
The mycorrhizas formed by L. rufus were short (0.5 - 
2.0 mm) with a smooth, glossy, light brown sheath and were 
borne more or less monopodially on lateral roots in the 
central part of the root system (Plate 2-8a, 2-9a). 	They 
were surrounded by a loose weft of mycelium which bound 
fragments of vermiculite to the roots. 	Root hairs were 
usually absent, particularly on well formed mycorrhizas, and 
were sparse even on the lateral roots. 	These lateral roots 
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FIGURE 2-1. 	The correlation of percentage mycorrhlzal infection by L. rufus with 
(a) and (b) short root production, and (c) root : shoot ratio of Sitka spruce seedlings. 
(c) 
.-'-- -:. 	- 
(a) 
PLATE 2-8. 	Experiment II. 	The central 
(b) 
part of the root system of the seedlings 
shown in Plate 2-7. 	Note the stimulation 
of short root production in (a) L. rufus 
and (b) R8, compared to (c) the control. 
(a) 
	
( b ) 
	
(c) 
PLATE 2-9. 	Experiment II. 	(a) Ectotrophic mycorrhizas of Sitka spruce formed by L. rufus. 
Absorbing roots of seedling inoculated with isolate R8. 
Uninfected absorbing roots with root hairs. 
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intracellular penetration of the outer cortex could be 
seen. 
An anatomical description of the mycorrhizas is given 
below. 
General anatomy (Plate 2-10a): 	Ectotrophic 
mycorrhiza with mantle and Hartig net. 	Intra- 
cellular infection occasional. 	Diameter of 
composite organ 350 . 	Diameter of turgid 
cortical cells 30 - 35 ji. 	Xylem diarch. 
Dominik (1959) genus Bd. 
Mantle structure (Plate 2-10b): Thick, 30 - 
40 , consisting of densely packed hyaline hyphae 
(3 - 5 i in diam.) lacking clamp connections and 
running primarily at right angles to the main 
axis of the root (prosenchyma). 	Often appearing 
two-layered with an inner layer of pseudoparen-
chyma and an outer layer of prosenchyma. 	Surface 
smooth or with very short nap of hyphae. 
Occasional hyphae have granular encrustations. 
Crushed cortical cells with opaque contents 
within or just under mantle. 
Hartig net (Plate 2-10c): Usually strongly 
developed penetrating almost to endodermis. 
Where poorly developed, intracellular infection 
of outer cortex widespread. 	Hyphae hyaline, 
2 - 6 j in diameter, orientated predominantly at 
right angles to axis of root. 	Labyrinthine 
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structure on end walls of cortical cells. 
Seedlings inoculated with isolate R8 had an extensive 
root system on which short root production appeared to be 
stimulated (Plate 2-7b, 2-8b). 	Many of these short roots 
appeared to be normally developed but others, 2 - 5 mm 
long, were swollen, up to 450 ji in diameter, particularly 
towards the apex. 	On the more swollen roots hairs were 
reduced or absent and the root surface appeared a smooth, 
clear, yellowish brown colour (Plate 2-9b). 	Loose wefts 
of white mycelium could be seen on and around the root 
surface. 	All gradations between affected and unaffected 
roots occurred. 
Although many roots of this type were sectioned and 
examined no extensive fungal invasion of the tissue could 
be found and only occasional hyphae were seen entering root 
hairs or within cortical cells. 	However, the cortical 
cells were swollen (30 - 40 p.), with very prominent nuclei, 
and commonly with a range of stained cell contents (Plate 
2-11a,b). 	These appeared either opaque or finely granular 
enveloping fragments of what may previously have been fungal 
hyphae. 	Inner cortical cells were often packed with 
irregularly shaped structures, from 2 - 8 )a in diameter, 
resembling starch grains. 
2.333 	Discussion. 	Contamination was less than in 
Experiment I but remained unsatis-
factorily high. 	On several occasions 
sporing structures of Penicillium spp appeared in the flasks 
, 	
JW 
-a.--- _I - - 


















PLATE 2-10. 	Experiment II. 	(a) T.S. ectotrophic rnycorrhiza of Sitka spruce formed by L. rufus. 
Sheath of L. :'ufus rnycorrhiza showing (i) pseudoparenchyma 
and (ii) prosenchyrna layers. 
Cortex of L. :ufus mycorrhiza showing (H) vigorous Hartig 









PLATE 2-11. 	Experiment II. 
	(a) and (b) T.S. absorb- 
ing root of Sitka spruce seedling inoculated with 
isolate R8 showing (co) unidentified contents in corti-
cal cells. 
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a few days after rerandomisation. 	It is possible that 
spores from the atmosphere which had penetrated into the 
neck of the flask were dislodged during this manoeuvre. 
Under the high humidity conditions within the flask a water 
film between the cotton wool and glass neck of the flask 
may provide a point of entry. 
Al-though two seedlings per flask give more experimental 
material and have been grown with apparent success elsewhere 
(Marx and Zak, 1965) there were indications that after 
attaining a size of about 6.0 cm they begin to compete and 
develop differentially thus increasing variability in the 
data. 
The mycorrhizas formed by L. rufus with Sitka spruce 
have features in common with those synthesised by Modess 
(1941) on Pinus mugo and Pachlewski (1967) on P. svestris. 
Both authors comment on the dual nature of the sheath 
which is in parts both prosenchymous and pseudoparenchymous. 
Pachlewski mentions the clear brown colour of the fungal 
mantle and the high virulence of the fungus in forming a 
Hartig net throughout the cortex. 	Modess, on the other 
hand, found net formation to be "rather insignificant" but 
in this and other regards he seems to have been working 
with a particularly inactive isolate. 
There are indications that the influence of mycorrhizal 
infection on the root system reaches beyond the rootlets 
with which the fungus associates. 	As the intensity of 
infection rises so does the total number of short roots, 
both mycorrhizal and non-mycorrhizal, produced per cm of 
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lateral root or per mg of root weight. 	The production of 
auxins in culture is a general property of many mycorrhizal 
fungi (Ulrich, 1960) and Slankis (1958a, 1961) has shown 
that auxins are not only important in the special morpho-
genesis of individual mycorrhizas but may be absorbed and 
translocated throughout the root system thereby broadly 
determining the sequence and frequency of long and short 
roots. 	In general low auxin concentrations stimulate the 
formation and growth of long laterals, higher concentrations 
inhibit long root development but stimulate short root 
production while very high concentrations inhibit branching. 
It is possible, therefore, that the observed variations in 
short root production and root : shoot ratio are in part a 
response to increasing release of fungal auxin to the root 
system associated with increasing infection. 
Slankis (1958b) has also remarked that "There is a 
possibility that fungus produced auxin is translocated even 
beyond the root system, so that the aerial parts of the host 
plant also are brought under its direct influence". 	The 
difference in shoot wt/ht ratios between mycorrhizai and 
non-mycorrhizal plants (Table 2-8) is interesting in this 
connection. 	In addition the number of active apical 
meristems per seedling is correlated with the degree of 
infection of the root system and very strongly correlated 
with the density of short root production (Fig. 2-2). 
It is of course possible that there is no direct 
connection between the growth of apical meristems and 
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No. of short roots per cm of lateral roof 
FIGURE 2-2. 	The number of active shoot meristems of Sitka 
spruce seedlings inoculated with L. rufus in relation to 
(a) percentage mycorrhizal infection, and (b) short root 
production. 
that they may be both governed by the same internal factors. 
However Woolley and Wareing (1972) have recently suggested 
that lateral bud growth in Solanum andigena is controlled by 
cytokinins derived from roots (Burrows and Carr, 1969), and 
that both the type of cytokinin and its transport and 
distribution are influenced by indole-3-acetic acid (IAA). 
Miller (1967) has isolated cytokinins from culture filtrates 
of mycorrhizal fungi and Harley and Lewis (1969) consider 
that they are likely to be involved in the morphogenesis of 
mycorrhizas. 	The possibility that they are more generally 
implicated in plant development merits investigation. 
The effects of inoculation with isolate R8 were 
unexpected and little is known about this type of plant-
micro-organism interaction. 	Bowen and Rovira (1961) found 
that rhizosphere organisms generally depressed root growth 
and root hair development, possibly through the secretion of 
auxins, antibiotics, or toxins, but emphasised that the 
mechanisms were not understood. 	Harley (1969) remarks that 
internal infections which produce no disease symptoms may 
occur provided that susceptible hosts are maintained in a 
state of vigorous growth by adequate nutrition. 
In this experiment colonisation of root tissue by the 
fungus appeared minimal. 	The mode of infection, the nature 
of seedling defence mechanisms (if any) and the extent to 
which the observed effects were due to internal rather than 
external mycelium could not be ascertained. 	However a non- 
mycorrhizal fungus, regularly isolated from within living 
root tissue has been shown to affect root morphogenesis and 
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stimulate seedling growth. 	The implications of these 
observations also merit experimental investigation. 
2.4 GENERAL DISCUSSION 
Although vigorous fungal symbionts were not isolated 
from the mycorrhizas of Sitka spruce taken from the humus 
layer of a mature stand, large numbers of other root infecting 
fungi were. 	The importance of these cannot yet be judged 
nor can the extent to which Sitka spruce is more susceptible 
to this type of invasion than other species. 
Cultures of potential symbionts were therefore obtained 
from fructifications and, by aseptic synthesis, Lactarius 
rufus was shown to form mycorrhizas. 	These differed from 
the mycorrbizas collected in the field in several respects. 
The mantle was thicker, of a different structure and less 
tightly packed. 	In addition the hyphae in field specimens 
were quite narrow, regular and bore clamp connections while 
those of L. rufus were wide and irregular with no clamps. 
While Pachlewski (1967) has shown that certain characters, 
notably mantle thickness and mantle surface configuration, 
varied between natural and synthesised mycorrhizas of 
L. rufus, hyphal characters were constant and there can thus 
be no doubt that the majority of the mycorrhizas examined 
from the Glen Tress site were not formed by L. rufus. 
It could be argued that the synthesis experiment has 
merely shown that the formation of rnycorrhizas on Sitka 
spruce by L. rufus is physiologically possible and that 
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evidence for its ecological importance is lacking. 	However 
the fungus did fruit heavily on the study area for two 
successive years and, in the author's experience, can 
invariably be found in Sitka spruce plantations throughout 
Scotland. 	It is also known to be abundant throughout 
northern coniferous forests (Modess, 1941; Laiho, 1970) 
while Laiho (op. cit.) has shown that no fructifications 
appear on ground isolated from tree roots. 
It is concluded, therefore, that L. rufus does form 
mycorrhiza with Sitka spruce under natural conditions, but 
to an unknown extent. 	The ease with which these inycorrhizas 
can be synthesised and the relatively vigorous growth shown 
by the fungus in pure culture made the system suitable for 
further physiological studies. 
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CHAPTER 3 
FREE AMINO ACIDS IN HUMUS 
3.1 	INTRODUCTION 
The major source of nitrogen in the soil is the protein 
in dead micro-organisms and in plant and animal remains. 
During decomposition this protein is broken down into small 
polypeptides or their constituent amino acids by the various 
hydrolytic enzymes excreted by micro-organisms. 	Continued 
transformation by the microflora leads to the liberation of 
carbon dioxide and ammonia but in certain soils, particularly 
those of the temperate forest zone, the development of humus 
and the retention of nitrogen in carbonaceous plant residues 
restricts this process and organic nitrogen accumulates. 
The proteinaceous nature of this organic nitrogen can 
be demonstrated by acid hydrolysis which releases up to 40 - 
507,', in-amino form (Bremner, 1967). 	A further 10% is 
combined in amino-sugars (Gupta, 1967) but although trace 
amounts of other compounds (proteins, peptides, nucleic 
acids) have been detected the chemical nature of up to 40 1/",- 
of the organic nitrogen of soils remains obscure. 	Greenfield 
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(1972) has suggeLted that it originates from non-amino 
nitrogen atoms present in certain amino acids. 
Most of the hydrolysableo-amino nitrogen in soils 
probably occurs as amino acids or peptides bound in corn-
plexes with phenolic compounds (Davies, 1971; Haider et al., 
1965), quinones (Flaig, 1960), or carbohydrate derivatives 
(Stevenson, 1957). 	Release o f nitrogen from the complexes 
is very slow as they appear to have some structural resis-
tance to microbial attack. 
Unbound or "free" amino acid have also been detected 
although the amounts, particularly in mineral soil, are 
smell. 	Thic suggests that amino acids are the basic 
structural units in which nitrogen is transformed and 
immobilized in the soil but that these processes are rapid 
(Stevenson, 1964). 	Observations on the immobilization or 
decomposition of amino acids added to non-sterile soils 
confirm this view (Wheeler and Yernrn, 1958; Schmidt et al., 
1960; Dedeken and Voets, 1965). 	Periods of intensive 
microbiological activity result in temporary accumulations 
of free amino acids, presumably due to the excretory or 
autolytic products of the micro-organisms involved (Paul and 
Schmidt, 1961). 	In this way the free amino acid content of 
a soil at any time represents a balance between microbial 
synthesis or autolysis and microbial degradation or trans-
formation. 
3.11 Composition 
The free amino acids detected in soil in several recent 
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investigations are shown in Table 3-1. 	They include all 
the common protein amino-acids (Meister, 1965) except 
5-hydroxylysine and cysteine, as well as several non-protein 
amino acids commonly associated with the metabolic products 
of micro-organisms. 	Most of the acids found in bydrolysates 
also occur in the free state. 
3.12 Quantity 
Estimates of the amount of "free" amino acid in soil 
vary according to the extraction procedures used (Section 
3.21). 	For example the quantity of amino acid detected in 
a sandy loam varied between 2 and 9 pg/gm (air dry) depending 
on whether the extractant used was water, ethanol (EtOH) or 
carbon tetrachloride (Ca1 4 ) (Ivarson and Sowden, 1969). 	In 
the organic horizons of forest soils the corresponding rise 
is greater and values of from 4 to 150 )g/gm (air dry) were 
recorded (Sowden and Ivarson, 1966). 	This work and that of 
Grov (Grov, 1963; Grov and .Alvsaker, 1963) on a Norwegian 
forest podsol suggests that the free amino acid content of 
humus horizons may be considerably in excess of the figure 
of 2 ag/gm proposed by Bremner (1967) for agricultural soils. 
Taking into consideration other studies (Dadd, Fowden 
and Pearsall, 1953; Paul and Schmidt, 1960; Ivarson and 
Sowden, 1966) it seems that -alanine, aspartic acid, 
glutamic acid, glycine, serine and threonine are the most 
widely distributed and plentiful acids. 	Valine, leucine, 
isoleucine and proline may also occur in significant amounts 
but only traces of tyrosine, phenylalanine, arginine, 
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Table 3-1 
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histidine and lysine are normally detected. 
3.13 Factors affecting occurrence 
Microbial activity influences the concentration and 
variety of free amino acids in forest humus (Simonart and 
Buysse, 1954). 	This effect has been widely studied in 
agricultural soil (Putnam and Schmidt, 1959; Paul and 
Schmidt, 1961; Paul and Tu, 1965). 
Ivarson and Sowden (1966, 1970) have shown that freezing 
brings about a 10 - 40 fold increase in the water soluble 
amino acids of forest soils, the effect being greater in the 
more huinified horizons. 
Amino acids are liberated from plant roots in axenic 
culture (Rovira and McDougall, 1967) and the relatively high 
free amino acid of the rhizosphere of agricultural soil 
indicates that this process also goes on under natural 
conditions (Paul and Schmidt, op. cit.; Ivarson and Sowden, 
1969; Ivarson et al., 1970). 	No comparable data exist for 
forest soils. 
3.2 METHODS 
Amino acids are dipolar arnphoteric compounds and exist 
as either cations or anions depending on the ambient pH. 
The pH at which there is no net charge on the ion, the p1 or 
isoelectric point, is between 5 and 6 for neutral amino acids, 
near 3 for the acidic and above 7.5 for the basic amino acids. 
In most soils the basic amino acids act as strong cations 
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adsorbed on cation exchange sites, while the acidic amino 
acids are anionic and remain in solution or become adsorbed 
on the available anion exchange sites. 	In many agricultural 
soils (pH 7 - 8) the neutral amino acids will also be 
anionic but in the acidic soil (pH 4 - 5). examined in this 
study a proportion of those with the higher p1 values will 
act as cations (e.g. proline, threonine, isoleucine and 
alanine). 
3.21 Choice of Extractant 
The adsorption of amino acids on soil constituents has 
been noted in several studies (Conrad, 1942; Paul and 
Schmidt, 1960; Gilbert and Altman, 1966) and has led to 
investigations of the efficiency of various extractants. 
Almost without exception these studies have been carried out 
on agricultural soils or mineral soil horizons. 
Paul and Schmidt (op. cit.) found that 80% EtOH was a 
poor extractant for large (2.5 mg) amounts of added amino 
acid, removing only 5 - 60% of the acidic or neutral amino 
acids and virtually none of the basic ones. 	Water extracted 
80 - 100% of the acidic and neutral, but no basic, acids and 
seemed unlikely to extract neutral acids in acid soils. 
aximum extraction of basic acids (30 - 50%) was achieved 
with 0.1 N barium hydroxide (Ba(OH) 2 ) or 0.5 N ammonium 
acetate (Nil 4OAc). 	The Ba(OH) 2 extraction gave several 
recoveries of > 1 00%, a possible indication of hydrolytic 
conditions, while the NH 4OAc procedure subsequently involved 
sublimation and desalting of the extract. 
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Gilbert and Altman (1966) give amino acid extraction 
curves for EtOH concentrations from 0 - 90% which show a 
very distinct peak at 20%. 	Subsequently, using 20% EOH, 
they recovered 95% of the aspartic acid (acidic), 85% of 
the alanine (neutral) and up to 5% of the arginine (basic) 
from a loam amended with 2.5 mg portions of these amino acids. 
As mentioned previously Ivarson and Sowden (1966) 
confirmed that a 20% EOH extract contained twice.as  much 
amino acid as a water extract but added that a C01 4/water 
extract (50 : 50 v/v) gave a fourfold increase. The 
relative increase was ten times greater for organic horizons 
(Sowden end Tverscn 1966). 	On this basis these authors 
consider that the high amino acid levels found in extracts 
made with organic solvents such as EOH, CC1 4 or ether (Grov, 
1963) are the result of injury to cellular material, mainly 
microbial cells, and cite the availability and composition of 
microbial amino acid pools and the ease of release of amino 
acids from -them (Britten and McClure, 1963; Holden, 1962). 
They maintain that water, "a natural solubilising agent", is 
the most suitable extractant to indicate free amino acids as 
they exist under field conditions. 
If organic solvents do release microbial amino acids 
this would be most pronounced in organic soil horizons or in 
other situations where microbial activity is high. 	Sowden 
and Ivarson's work (op. cit.) supports the first contention 
but not the second as they found (Ivarson and Sowden, 1969) 
that water had the ability to release greater relative 
proportions of amino acids from rhizosphere compared to 
non-rhizosphere soil than did either 20% EtOH or CC1 4 . 
In addition there is no obvious reason why 20% EtOH should 
release more microbial amino acids than any other concentration. 
In this study amino acids in humus are envisaged as a 
possible factor in the establishment of the mycorrbizal 
association and as potential metabolites for both fungus and 
tree. 	To assess that potential in the absence of established 
extraction procedures a method was adopted involving several 
of the techniques previously used only on mineral soils. 
Samples were first extracted with water, to estimate 
the concentration in soil solution, or with 20% E±OH to 
release the exchangeable (acid and neutral) fraction from 
which soil solution is replenished. 	A subsequent re- 
extraction with B(0H) 2 was designed to release adsorbed 
basic amino acids. 	(The hydrolytic nature of this extract 
was accepted in preference to the more complicated NH 4OAc 
procedure.) 	To test the efficiency of the extraction 
procedure and to aid the interpretation of results a 
parallel series of extractions was made on amended samples. 
3.22 Sample collection and preparation 
Samples were collected from the Glen Tress site on 
6th April 1970. 	There was a slight dusting of snow on the 
ground and the surface layers of the soil were partly frozen. 
The L, F and H horizons were individually removed from 
0.5 m2 of a representative area of the site, sealed separately 
in polythene bags, and stored overnight at 0 °C. 	The next 
day the samples were thawed at room temperature and as much 
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as possible of the live root material removed. 	The humus 
was thoroughly mixed and subsamples of 50 g (wet weight) 
taken for extraction. 	Further subsamples were taken for the 
determination of moisture content and field capacity. 
Amended samples were prepared by shaking the 50 g of humus 
with 2.5 mg each of aspartic acid, alanine and arginine in 
enough distilled water to bring the sample to field capacity. 
These were allowed to equilibrate at room temperature for 
one hour prior to extraction. 
3.23 Extraction 
Each sample was placed in an M.S.E. Atomix blender with 
100 ml of distilled water or 20% EtOH and macerated for 
60 seconds to facilitate the extraction of the soluble 
substances (Nykvist, 1963). 	The resulting humus purée was 
transferred to a stoppered 250 ml conical flask and placed 
on an orbital incubator for 18 hours at 25°C and 200 r.p.m. 
The humus residue was taken down by centrifuging at 3000 
r.p.m. for 1 hour and the supernatant liquid filtered. 	The 
clear liquid which, including washings of extractant, now 
had a volume of 200 - 250 ml, was stored at 100  prior to 
desalting. 
The humus residue was returned to a 250 ml flask with 
100 ml of Ba(OH) 2 , stirred and then re-extracted for a 
further 18 hours at 25 °C and 200 r.p.m. 	The Ba(OH) 2 was 
precipitated with 20 ml of IN H 2SO4 (Paul and Schmidt, 1960) 
on a water bath at 40°C and the sample centrifuged and 
filtered as before. 
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Blank determinations with distilled water, 20% EtOH, 
and Ba(OH) 2  with and without added amino acids were carried 
through these and all subsequent procedures. 
3.24 Desalting 
For the quantitative chromatography of amino acids by 
ion exchange rather concentrated solutions are required, free 
from substances (proteins, salts, sugars e cc.) which will 
interfere with the separations. 	This can be achieved 
electrolytically (Consden et al., 1947),by solvent extraction 
(Paul and Schmidt, 1960), or by the use of ion exchange 
resins (1)-r" zin et  91 . 	] qStt). 
Several authors (Stein and Moore, 1951; Waldron and 
Mortensen, 1961; Carson, 1966) have shown losses of amino 
acids during electrolytic desalting while methods based on 
solvent extraction require mild heat treatment and may 
result in the loss of amino acids through the Maillard 
reaction (Gottschalk and Partridge, 1950). 	This has been 
illustrated by Payne et al. (1956). 	More recently Sowden 
and Ivarson (1966) failed to get satisfactory recoveries 
using methanol as a solvent. 
Ion exchange techniques have been used by Stevenson 
(1954) and Young and Mortensen (1958) for desalting soil 
hydrolysates. More recently Nykvist (1963) purified H 20 
extracts of leaf and needle litter by this method and his 
procedure was adopted in this study. 
Cation exchange solumna were prepared containing 40 g 
of analytical grade Amberlite IR-120 (H) resin between glass 
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wool pads. 	The use of 250 ml burettes gave a column 2.5 cm 
by 13 cm and the methods used in grading, packing,preparatiofl 
and subsequent regeneration with 2N HC1 were those of Vogel 
(1961). 	Filtered humus extract (200 - 250 nil) was added to 
the column and the flow rate adjusted to 0.5 ml per minute. 
After rinsing with 400 - 600 ml of distilled H 2  0 to remove 
all trace of non-adsorbed substances (anions and non-ionic 
material, e.g. carbohydrates) the amino acids were eluted 
with 450 ml of N ammonium hydroxide (NH 4OH). 	This volume 
was brought to dryness in vacuo at 40 °C and the residue 
taken up in 5 ml distilled H 2 0. 	An insoluble fraction 
develoDed during this procedure but has been noted elsewhere 
(Grov and .Alvsaker, 1963; Nykvist, 1963) as having no 
effect on the amino acid content of the extract. 
The quantitative recovery of added amino acids from 
this desalting and concentrating procedure was lower than 
expected. 	Autoanalysis of the blank samples (2.5 mg each 
aspartic acid, alanine and arginine) showed that only 50% 
of the aspartic acid and alanine and virtually none of the 
arginine was still present (Table 3-2). 	The presence of 
glutamic acid, glycine and lysine in the samples indicates 
that decomposition and transamination was taking place but 
this is unlikely to have caused such low recovery values. 
The recovery values were tested by repeating the 
procedure with duplicate solutions of each amino acid 
dissolved separately in 250 ml of distilled water or 20% 
EtOH. 	These were passed through the column, eluted and 
taken to dryness as before but then taken up in 10 ml of 
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Table 3-2 
The recovery by elution with N NH 4OH of 2.5 mg each 
of arginine, alanine and aspartic acid added (A) together 
and (B) separately to IRA 120 desalting columns. 	Deter- 
minations (A) by autoanalysis and (B) coloriinetry 
Amino Acid Solvent mg % 
B 
mg % 
Arginine H 2  0 - - 0.52 21% 
20% Ethanol 0.06 2% 0.72 29% 
Alanine 112 0 1.32 53% 1.41 56% 
20% Ethanol 1.28 51% 1.13 45% 
Aspartic Acid H 2  0 1.03 41% 1.16 46% 
20% Ethanol 1.28 51% 1.35 54% 
* The 1120  sample also contained 0.07 mg glutamic acid, 
0.01 mg glycine and 0.51 mg lysine. 	The 20% ethanol 
sample contained 0.12 mg lysine. 
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distilled water. 	A subsample was subjected to hot alkali 
treatment to remove absorbed ammonia (Hirs, 1967) and the 
amino acid levels determined colorimetrically by the method 
of Yemm and Cocking (1955). 	A full description of the 
experimental procedure is given in Appendix 1.1. 
The values (Table 3-2) obtained by this method are 
similar to those from the autoanalysed samples, confirming 
that up to 50% loss of aspartic acid and alanine and as 
much as 800/'o loss of arginine can occur during the desalting 
and concentrating procedure. 	The discrepancy between the 
two sets of data is largest for arginine but this is accounted 
for by the relatively large amounts of lysine in the auto-
analysed samples. 
Two explanations can be advanced for these losses which 
are considerably in excess of the 5.25% experienced by 
others using essentially similar techniques (Stevenson, 1954; 
Young and Mortensen, 1958; Armstrong, 1966). 	These are 
(1) incomplete adsorption of amino acids and (2) incomplete 
elution. 
Maximum adsorption of amino acids (on Dowex 50) occurs 
at pH 2 - 2.5 and acidification is essential for adsorption 
from buffered solutions (Harris et al., 1961). 	The humus 
extracts when added to the columns had a pH in excess of 4-
and some amino acids, particularly the more acidic, may have 
passed straight through. 	No analyses were made of the 
initial effluent and this cannot be confirmed. 
Arginine is not sharply displaced by dilute solutions 
of the weaker base, ammonia, but must be eluted by a more 
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concentrated solution (Buchanan, 1957). 	Stevenson (op. cit.) 
and Armstrong (op. cit.) used 2.6 N NH 4OH and 4.0 N NH4OH 
respectively and it is probable that the 1 N NH 4OH used here 
did not displace arginine from the column. 
Nykvist's (1963) method appears unsuitable for the 
purification of extracts for quantitative analysis and had 
time been available, fresh extracts would have been treated 
incorporating the modifications outlined above or using 
alternative methods from medical science (Harris et al., 1961). 
As this could not be done the results obtained here were 
interpreted taking into consideration the possible losses. 
It can be noted that Sowden and Ivarson (1966) and Carson 
(1966) prefer not to attempt any desalting procedure but 
thereby restrict the subsequent method of analysis. 	It is 
doubtful whether this approach is applicable to organic soils. 
3.25 Analysis 
To estimate the range and concentration of amino acids 
present an initial analysis of 20 ul of the extracts was made 
by high voltage electrophoresis on a Michi (1951) apparatus. 
For subsequent quantitative determination samples containing 
approx. 0.5 mole amino acid were automatically analysed by 
ion-exchange chromatography (Spackman et al., 1958). 	Two 
analysers were used, an instrument from Evans Electroselenium 
Ltd. (EEL) and a Beckman 1200. 	The results from this type 
of analysis are highly reproducible and so, in general, only 
one determination was made on each sample. 	The samples 
from the H 2 
 0 extracts of unamended humus were analysed three 
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times to follow changes in amino acid concentration during 
storage. 	These samples were also analysed after acid 
hydrolysis (Moore and Stein, 1963). 
A discussion of these methods can be found in Meadway 
(1969) and a full description of the procedure employed for 
electrophoresis, hydrolysis and autoanalysis is given in 
Appendix 1. 
In general the computation of individual amino acid 
values from the antoanalyzer charts was straightforward 
although the base line was frequently irregular and numerous 
small unidentified peaks appeared. 	On hydrolysis the base 
line became regular, most of the unidentified peaks 
disappeared, and the total amino acid content of the extracts 
increased, indicating the peptide nature of the interfering 
fraction (Fig.3-1). 	If, on the chart of an unhydrolysed 
sample, a peptide and an amino acid peak coincide then the 
value for that particular amino acid will be in error. 	For 
the purposes of computation a symmetrical peak was taken to 
represent a pure material. 	If a peak was skewed or poorly 
resolved the calculation was done on the basis of the time 
intervals on the "correct" side of the peak. 	Several of 
the values for serine and threonine were obtained this way as 
interference from asparagine and glutamine often resulted in 
poor resolution. 
Under these circumstances no emphasis has been placed on 
relatively small and inconsistent variations in the amount of 
any individual amino acid. 
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3.3 	RESULTS 
3.31 Introduction 
The chromatograms obtained by paper electrophoresis 
showed that relatively large amounts of all the common 
protein amino acids were present in the samples (Plate 3-1). 
The unamended blank determinations which were carried through 
the extraction and desalting procedures contained no amino 
acids discernible by electrophoresis and were not autoanalysed. 
A visual comparison of the chromatograms showed that the 
20% EtOH extracts contained more amino acid than the corres-
ponding water extracts and that in both cases the amount 
extracted was in the order L > P > H. 	This situation was 
reversed for the Ba(OH) 2  extracts, particularly following an 
initial water extraction. 	Chromatograms of the amended 
samples had particularly distinct spots of aspartic acid and 
alanine but also showed a general increase in the quantities 
of other amino acids. 	Spots of arginine were most strongly 
associated with the Ba(OH) 2 extracts. 
The data obtained from the autoanalysers included 
occasional small values for cysteic acid,cystine and 
methionine sulphone which have been excluded from the summary 
data in this chapter. 
Analyses were carried out during a five month period 
whenever machine time was available. 	A series of analyses 
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PLATE 3-1. 	High voltage paper electrophoresis of 
samples from the 20% EtOH extract of L, F and H 
horizons of Sitka spruce humus with 0, an amended blank 
sample and t and r, standard amino acid mixtures. 
Arginine appears in these samples but not in the auto-
analysed samples from the same extract (Fig. 3-5). 
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that, despite storage at 1 0  C during this time, up to half 
of the amino acid content of the samples was lost, particu-
larly during the second three months. 	The major losses, 
which are consistent with bacterial degradation, occur in 
basic amino acids, in threonine and serine, and in aspartic 
and glutamic acid. 	Valine, isoleucine, leucine, tyrosine 
and phenylalanine show no change or a slight increase. 
The decomposition of basic amino acids is particularly 
rapid for, although spots of arginine appeared consistently 
on the chromatograms no arginine was found on the auto-
analyser traces. 	In one case (amended blank, H 2  0 extract) 
the arginine had disappeared and lysine had been formed in 
the fortnight between extraction and electrophoresis. 	The 
overall increase in amino acid content of the amended 
samples shovm on the paper chromatograms suggests that 
microbial transamination may take place even during extraction. 
Acid hydrolysis of the H 20 extracts of the L and F 
horizons resulted in increases in the total amino acid content 
of 83% and 47 1/'o' respectively (Fig.3-1; Table 3-4). 	The most 
marked individual increases occurred in aspartic acid, 
glutamic acid, and proline. 	Values for serine showed little 
change and dropped markedly in proportion to the other acids 
suggesting that some of the increase in aspartic and glutamic 
acid was due to the hydrolysis of the asparagine and glutamine 
eluted with serine in non-hydrolysed samples. 	However, the 
greatest proportion of the overall increase in amino acids 
must come from the hydrolysis of peptide, or similar, material 
in the samples. 	This fraction would be particularly 
CL. 	 CL. 
10 (I) 	 CL 	 . 	2 0 	.. 2 	. > 	- 
FIGURE 3-1. 	Autoanalyser traces of samples from the 
H2 0 extract of the L horizon of Sitka spruce humus 
(a) before, and (b) after hydrolysis with 61I HC1. 
(Sample a = 0.2 ml; sample b = 0.3 ml). 	See also 
Table 3-4. 
Table 3-4 
Change in amino acid content of the H 2  0 extracts of the L and F horizons after acid hydrolysis 
(see also Fig. 3-1) 	 (g per g air dry wt.) 
Horizon 	Sample 	Lys His Arg Asp Thr Ser Glu Pro Gly Ala Val Met lie Leu Tyr Phe 	Total 
Not hydrolysed 	17 6 	4 	15 	49 	46 37 	9 	L7 	61 	25 5 	17 	19 	13 	18 356 
L 
Hydrolysed 	28 8 	5 	61 	68 	50 96 	30 	37 	87 	51 8 	39 	35 	17 	30 650 
Not hydrolysed 	1 t 	t 	8 	12 	14 12 	- 	414 	8 t 	9 	6 	3 	4 95 
Hydrolysed 	4 t 	1 	10 	14 	9 41 	5 	7 	17 	10 2 	7 	7 	2 	4 140 
t = trace 
LO 
S. 
susceptible to microbial hydrolysis during storage. 
3.32 Unamended samples 
The general impression of the amino acid content of the 
samples given by electrophoresis was confirmed and 
elaborated by autoanalysis (Table 3-5, Fig.3-2). 
Table 3-5 
Amino acid content of Sitka spruce humus 
(jig per g air dry wt.) 
1st extraction 
Ba(OH) 2 extraction 
Total 
H20 extract 
L 	F 	H 
365 	77 	2 
10 247 281 
375 324 283 
20% EtOH extract 
L 	F 	H 
1,19 22 123 
233 217 400 
1,402 509 523 
The amounts detected in both the water and 20% EtOH 
extracts are about 100 times greater than those in comparable 
extracts of agricultural soils (Bremner, 1967; Ivarson and 
Sowden, 1969). 	The 20% EtOH extract of the H horizon is in 
the same range (100 - 150 jig/gm) as Sowden and Ivarson's 
(1966) figures for Brown Forest Ah and Podsol H horizons 
(cd 4 extract), but overall the 20% EtOH values are slightly 
lower than Grov's (1963a) figures for the ether extract of a 
pine forest humus (Fig. 3-2). 
The total amino acid extracted by 20% EtOH is greater 
than that extracted by H20 by a factor of 3 for the L 
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FIGURE 3-2. 	Total amino acid content of H 2 0, 20% EtOH and 
Ba(OH) 2 extracts of the L, F and H horizons of Sitka spruce 
humus with, for comparison, data for an ether extract of a 
forest podsol (Grov, 1963a) calculated on the basis of the 
percentage organic matter values for the same profile given 
by Grey (1963b). 
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H horizon where the value of the H 2  0 extract is very low. 
A decrease of amino acid content with depth is shown in 
both extracts. 	The ratios of L to F are 4.7 for the water 
extract and 4.0 for 20 01'.' EOH but those of F to H are 38.5 
and 2.4 respectively, a further reflection of the low value 
for the 1120  extract of the H horizon. 
In all samples re-extraction with 0.1 N Ba(OH) 2 
resulted in the release of further measurable quantities of 
amino acid. 	Following an initial extraction with water the 
greatest amounts are liberated from the H horizon and the least 
from the L. 	However, the values for the total amino acid 
extracted (H 90 + Ba(OH) 0 ) remain in the order L > F> H. 
The amounts of amino acid found in the Ba(OH) 2 extract 
following an extraction with 20% EtCH do not follow the same 
pat -tern. 	It appears that, at least in the L and H horizons, 
an initial treatment with 20% EtOH leads to a greater 
release of amino acid with Ba(OH) 2 than occurs following an 
initial treatment with water. 
The levels of individual amino acids follow the same 
pattern as the overall totals (Fig..3-3) showing a decrease 
from IL to F to H in both the water and 20 1'o' EtCH extractions. 
This becomes less marked when the amounts from the Ba(OH) 2 
extract are incorporated. 
Only small amounts of the basic amino acids, lysine and 
histidine, and no arginine were measurable in the extracts. 
Methionine was only found in the IL horizon and histidine was 
not found in the F horizon. The largest recorded amount of 
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FIGURE 3-3. 	The 
amounts of individual 
amino acids in (a) H 2 0, 
(b) 20% EtOH and Ba(OH) 2 
extracts of the L, F and 
H horizons of Sitka 
spruce humus. 
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extract of the L horizon, 
In Table 3-6 individual amino acid values are expressed 
as a percentage of the total in each sample, demonstrating 
that different extraction procedures lead to an increase in 
the amounts of certain acids relative to others. 	Valine 
and alanine form a significant proportion of both the water 
and 20% EtOH extracts but the latter are also consistently 
rich in glutamic acid. 	The proportions of valine are even 
higher in the Ba(OH) 2 extracts but in these the other 
prominent acids are threonine, isoleucine and leucine. 
The distribution patterns of amino acids in the 
extracts show no evidence for the breakdown of microbial 
cells but neither can they be explained by the solubilities 
or isoelectric properties of the various acids. 	The 
prominence in soil extracts of alanine, glutamic acid and, 
to a lesser extent, threonine, isoleucine and leucine has 
been noted elsewhere (Section 3.13) but the occurrence of 
large amounts of valine with relatively small amounts of 
glycine and aspartic acid is peculiar to this study. 	Data 
for amino acid levels in fresh Sitka spruce foliage (H. Parry, 
pers. comm.) show that 25 - 305o of the total ethanol soluble 
amino nitrogen occurs as glutamic acid, 10 - 12% as aspartic 
acid and 7 - 101/'c' as valine. 	Neither Parry's data nor that 
from this study show the high levels of arginine often 
associated with conifer tissue (Durzan, 1967). 
3.33 Amended samples 
In order to calculate the recovery of aspartic acid and 
Table 3-6 
Percentage distribution of amino acids in all extracts of unamended humus 
Underlined values represent the fewest amino acids which when summed represent more than 50 of each sample 
Lys His Asp Thr Ser Glu Pro Gly Ala Val Met lie Leu Tyr Phe 
L 3 1 	2 7 7 5 5 2 18 10 2 	9 7 6 6 
H20 P - —13 1712 14 - 812 16 - 	 4 5 - - 
H* - - - - - - - 	 - - - - 
L 1 - 	 8 10 8 24 4 4 13 8 1 	6 6 2 4 
20%EtOH F 1 - 	 9 3 9 36 - 4 11 10 - 	 6 10 2 '3 
H 1 - 	 6 6 7 24 2 5 16 8 - 	 6 9 2 2 
L* - - 	 - - - - - - - - - 	 - - - - 
a(OH) 2 after H2 0 F - 4 16 16 2 - - 1 26 9 12 7 5 
H - 1 21 11 6 8 8 20 1210 1 1 
L 6 - 	 5 14 5 9 6 2 5 14 2 	8 13 5 6 
a(OH)2 	after Et0H F 1 - 	 3 10 10 4 1 4 5 20 - 	 12 17 5 6 
H 1 - 	 1 14 8 3 4 9 9 15 - 	 11 13 3 4 
* not included as the low absolute values lead to a distorted % distribution 
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and alanine the levels of these acids occurring naturally 
were assumed to be the same in both amended and unamended 
samples. 	The recovery was then the difference between 
each pair of samples expressed as a percentage of the 2.5 ing 
added (Table 3-7.). 
Table 3-7 
Percentage recovery of aspartic acid and alanine from 
amended samples 
Extract Aspartic acid .Alanine 
L 	F H L F H 
H 2  0 28 	10 18 88 - - 
H 2  0 + Ba(OH) 2 30 	19 20 89 5 9 
20% E-tOH - 	 37 40 102 130 35 
EtOH + Ba(OH) 2 - 	 41 45 97 126 45 
Water extracted 28% of the added sapartic acid from the 
L horizon and less from the F and H. 	With 20% EtOH there 
appeared to be no recovery from the L but up to 40% from the 
F and H. 	Re—extraction with Ba(OH) 2 led to a small increase 
in the recovery percentages. 
The recovery percentages for alanine were much higher. 
Water extracted 88% from the L, none from the F and H, and 
re—extraction with Ba(OH) 2 again gave a slight increase. 
With 20% EtOH values of greater than 100% were obtained and 
re—extraction with Ba(OH) 2 released more from the unamended 
than from the amended sample thereby depressing the overall 
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recovery percentages. 
Interpretation of these figures is impossible in the 
light of losses during desalting. 	Moreover there is 
evidence that the added amino acids may be extensively 
decomposed or transaminated during extraction and storage. 
In addition to the increases in alanine and aspartic acid 
increases occurred in 56% of the other amino acid values in 
the initial extracts while only 18% decreased (Fig.3-4, 3-5). 
The Ba(OH) 2 extracts showed the same trend, particularly 
following water extraction. 	The greatest increases occur 
in the 20% EtOH extract of the L and F and the water extract 
of the L. 
3.4 	DISCUSSION 
The results from the amended samples are unsatisfactory 
and the technique has several drawbacks. 	Without using 
radio-labelled amino acid there is no way of equating whet 
is recovered with what is added and, in any event, the 
capacity to extract added amino acid is not necessarily a 
measure of the capacity to extract those occurring naturally. 
The added amino acids are also subject to microbial altera-
tion. 	Much of this may occur during extraction as overall 
increases in amino acid levels were noted on the high voltage 
chromatograms, completed before significant decomposition 
during storage could occur. 	Amino acids added to non- 
sterile soil are rapidly metabolised (Dedeken and Voets, 1965) 
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Unamended humus 	
Ba(OH)2 Extract 	Eli Amended 	N 
FIGURE 3-4. 	The amounts of individual amino acids in the H 20 
and Ba(OH) 2 extracts of the L, P and H horizons of unamended 
humus and humus amended with 2.5 nag each of arginine, aspartic 
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FIGURE 3-5. 	The amounts of individual amino acids in the 
20% EtOH and Bo(OH) 2 extracts of the L, F and H horizons of 
un.amended humus and humus amended with 2.5 mg each of arinine, 










(Aseeva and Velikzhanina, 1966). 	It seems that this process 
may be even more rapid in humus. 
Effects of desalting and storage are fundamental to the 
interpretation of the amino acid analyses, particularly in 
view of the small number of samples treated. 	There is, 
however, some evidence to support the validity of the figures 
for the extracts of unamended litter. 
A comparison between Sowden and Ivarson's (1966) figures 
of 100 - 150 pg/gm for Brown Forest Ah and Fodsol H horizons 
(Cd 4 extract) and my H horizon value (20% EtCH extract) has 
already been made. Their results indicated that from 1/25 
to 1/100 as much was extracted by H 2 0. 	In this study the 
fraction is 1120. 
Further corroboration is found in the work of Parry 
(pers. comm.) and Miller (1971) on the soluble amino acid 
content of Sitka spruce foliage. 	The similar levels of 
glutamic acid aspartic acid and valine in this and Parry's 
study have already been noted. 	Moreover, when the totals 
given by Parry are converted from a fresh weight (300 - 400 
pg/g) to a dry weight (900 - 1200 )Ag/g) fraction on the basis 
of the average moisture content of Sitka spruce foliage 
(60%) they are of the same order of magnitude as my figure 
for the 2001'o E-tOH extract of undecomposed litter (1169 pg/g). 
Similarly Miller's (op. cit.) value of 180 ig/g (oven dry wt) 
for the maximum amino—nitrogen content of an ethanol extract 
of Sitka spruce foliage is comparable with that found for 
litter in this study (Table 3-8). 
It is possible that the extracts of unamended litter, 
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which may have contained up to 7.5 mg less amino acid, and 
which had only two instances of individual amino acid levels 
greater than 1.5 mg, were affected less by desalting than 
those of the amended samples. 
In view of the large seasonal and spatial variation in 
soil properties the amino acid values obtained in this study 
are presented only as levels which do occur and which are 
very much larger than those reported for mineral soils. 
This suggests that the input of soluble amino acids from 
fresh litter, throughfall, microbial hydrolysis or autolysis 
and root secretions is considerably in excess of that lost 
through mineralisation and incorporation into microbial 
tissue or organic complexes. 
Free amino-nitrogen in the samples (Table 3-8) represents 
from 0.25% to 1.14% of the total N content (Malcolm, 1970). 
This compares with the 180 ig/g "mineral" nitrogen (dilute 
KC1 extraction) in these horizons (Malcolm, pers. comm.) 
indicating the potential importance of amino acids as a source 
of soluble nitrogen. 
The condition in which they exist in humus will 
determine their role in the nutrition and metabolism of micro-
organisms and higher plants. 	As the samples were macerated 
during extraction -a proportion of the amino acid extracted 
may have occurred in partially decomposed tissue. 	These 
would be accessible to fungal hyphae and in a previous study 
(Alexander, 1968) absorbing roots of spruce were observed 
within needles, twigs and bark fragments. 
The amino acids in the water extract are those freed 
Table 3-8 
Total free amino-nitrogen in unamended Sitka spruce humus 
(jig per g air dry wt) 
H 2 0 	 20% Et Oil 
L 	F H 	 L 	F 	H 
1st extraction 	47 	9 	0 (0.2) 	138 	35 	14 
Ba(OH) 2 	 1 	28 	35 	 27 	25 49 
Total 	 48 	37 	35 	165 	60 	63 
during maceration and those which exist in the soil solution. 
The levels are highest in undecomposed litter, indicating 
relatively large quantities of plant-derived amino acid, but 
they drop very rapidly with depth. 	It follows that those 
in fresh litter are either decomposed in situ during 
incorporation into increasingly older humus layers or, more 
probably, leached out by rainwater and carried down through 
the humus to be largely metabolised or adsorbed before 
reaching the mineral soil. 	In either case they are 
available to the concentrations of rnycorrhizas occurring at 
the top of the F horizon. 
The origin of the acids in the 20% EtOH extract is less 
clear. 	The greater amounts found there cannot merely be a 
reflection of the differential solubilities of the amino 
acids as most are less soluble in water-ethanol mixtures 
than in water alone (Dunn and Ross, 1938). 	It seems likely 
that some iso-electric properties of the water-ethanol 
mixture promote ion-exchange processes favouring the release 
a. 
of amino acids. 	The increased recovery of added amino acids, 
particularly from the lower horizons, support this theory 
but the mechanisms involved are unknown. 
Previous mention has been made of the release of amino 
acid from the pools in plant and bacterial cells as a result 
of increased membrane permeability in the presence of 
ethanol. 	A clear indication of this is given by the excess 
of amino acid in the Ba(OH) 2 extract following 20% EtOil treat-
ment over that following water. 	This may represent the 
fraction of the amino acids leaked from cells during 20% EtOH 
extraction which was immediately adsorbed on humus constituents 
and subsequently rciccccd during Bs(OH) 2 trestment 	9Th 
effect was greatest in the L horizon where the greatest 
absolute difference between water and 20% EOH samples was 
also noted, suggesting that here the amino acid originates 
mainly from plant rather than bacterial cells. 	This is 
confirmed by the similarities between the amino acid distri-
bution data for foliage and litter and by the lack of obvious 
bacterial amino acids (citru1line,-a1snine etc.) in the 
extracts. 
The Ba(OH) 2 extract following water extraction shows 
that a proportion of the free amino acid in the humus is 
adsorbed on exchange sites. 	This proportion is negligible 
in the L but increases significantly with depth so that the 
major proportion of the amino acid in the H is adsorbed. 
The Ba(OH) 2 extracts following 20% EOH extraction show the 
same trend but their interpretation is obscured by the 
leakage phenomena mentioned above and by the fact that a 
- 70 - 
portion of the initial extract also represents adsorbed acids. 
The capacity of the F and H for adsorption is consistent with 
the relatively high cation exchange capacity (50 - 70 meq / 
100 g combined LFH) and low base saturation (12 - 2 0%) of 
these horizons (Malcolm, 1970) and with an increase in 
humification with depth. 
Two points can be made concerning the amino acid corn—
position of the extracts. 	None contained significant quanti- 
ties of basic amino acid although arginine in particular is 
known to occur in large amounts in conifer tissue. 	This is 
hardly surprising as the basic acids are the most difficult 
to extract, the most likely to disappear during desalting and 
also the most susceptible to decomposition during storage. 
Their absence from the extracts cannot be taken as an 
indication of their status in soil. 
The distribution of acids in the 20% EtOH extracts, even 
that of the H horizon, is similar to that in foliage extracts. 
In all the extracts the relative proportion of acids 
remained more or less constant with depth. 	This implies 
that much of the free amino acid in humus may be derived from 
a common source, most probably the soluble amino acid in 
fresh litter. 	However there are other potential sources, 
throughfall, root secretions, dead root material, microbial 
hydrolysis of peptides and proteins, and dead microbial 
tissue, from which the input cannot be assessed. 
To understand the free amino acids in humus a more 
complete series of extractions, throughout the year, is 
essential. The methods used here require to be refined and 
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supplemented by short term studies on turnover etc. using 
radioisotopes. 	However, this study emphasizes the 
existence of free amino acids in quantities and forms which 
are of potential importance to rnycorrhizal development and 
metabolism, 
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CHAPTER 4 
THE UTILISATION OF NITROGEN COMPOUNDS BY LACTARIUS 
RUFUS (soop. EX FR.) FR. IN PURE CULTURE 
4.1 	INTRODUCTION 
The fungi of ectotrophic rnycorrhizas grow poorly in 
synthetic media and most work has been carried out, notably 
by Melin and his associates (1925 onwards), using Boletus, 
Amanita and Tricholoma, the most easily cultured genera. 
This has shown that mycorrhizal fungi differ from other 
soil inhabiting basidiomycetes by dependence on simple 
carbohydrates and, in common with other fungi occupying a 
specialised environment, frequently show complete or partial 
heterotrophy for vitamins and amino acids. 	Several have 
requirements for other growth promoting substances or for 
unidentified compounds associated with roots while the 
growth of many is inhibited in the presence of peat and 
humus extracts. 	The optimum pH for mycelial growth lies 
between 4.0 and 6.0 and the optimum temperature between 18 0c 
and 27°C. 	Most species are sensitive to aeration and grow 
best with an abundant oxygen supply. 
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These cultural requirements have been extensively 
reviewed by Melin (1963), Meyer (1966) and Harley (1969). 
Harley has pointed out the limitations of pure culture 
experiments, particularly the possibility that the specialised 
environment of the host root leads to significant changes in 
fungal behaviour. 	He also stresses the considerable 
variations in physiological and morphological characters 
which occur not only between species but also between 
different isolates of the same species. 
4.2 UTILISATION OF ORGANIC AND INORGANIC NITROGEN 
BY IIIYCORRHIZAL FUNGI 
Robbins (1937) considered that the fungi could be 
classified into four groups according to their ability to 
utilize elementary, nitrate, ammonium or organic nitrogen. 
In common with many other higher basidiomycetes (Cochrane, 
1958) mycorrhizal fungi generally make better growth upon 
ammonium compounds than upon nitrates. 	In some cases 
organic compounds have been found to be better sources than 
ammonium salts but there is no firm evidence that mycorrhizal 
fungi fix atmospheric nitrogen (Harley, 1969). 
4.21 Ammonium nitrogen 
Although this is the nitrogen source which is best 
utilised by most fungi some confusion has arisen as 
utilisation appears to be greatly influenced by changes in 
the pH of the medium (Morton and Macmillan, 1954; Budd and 
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Harley, 1962; Ward, 1964). 	Absorption of ammonium from 
media results in an increase in hydrogen ion concentration 
to inhibitory levels. 	As the fall in pH is more rapid 
with salts of strongly ionized acids tartrate and phosphate 
salts of ammonium are more suitable nitrogen sources than 
chloride and sulphate (Norkrans, 1950; Rawald,  1963; 
Lundeberg, 1970). 	Norkrans (1953) has demonstrated that 
the growth of several Tricholoma species on ammonium nitrogen 
may be improved by the presence of organic acids, either as 
a result of specific requirements for organic acids in the 
metabolism of ammonium (Section 4.23) or the effectiveness of 
the acids as buffers (Ward, 1964). 
A few rnycorrhizal isolates seem incapable of using 
ammonium nitrogen and require an organic source for satis-
factory growth (elin and Norkrans, 1948; Mikola, 1948; 
Melin and Mikola, 1948; Melin, 1959; Lundeberg, 1970; 
Laiho, 1970). 
4.22 Nitrate nitrogen 
Very few niycorrhizal fungi can metabolise nitrate and 
only a small proportion of these utilise it to the same 
extent as ammonium (Lundeberg, 1970). 	The ability to 
utilise nitrate has no taxonomic basis and differs markedly 
between different isolates of the same species. 	Lundeberg 
(op. cit.) considers that more mycorrhizal formers than 
litter decomposers can utilise nitrate. 
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4.23 Organic nitrogen 
There is considerable variation in the response to 
organic nitrogen between and within mycorrhizal species 
(Rawald, 1963; Lundeberg, 1970; Laiho, 1970) but peptone, 
casein bydrolysate, and the amino acids have been found to 
provide a nitrogen source which for many isolates equals or 
is better than ammonium. 	Occasionally other substances, 
urea (Melin, 1925; Laiho, 1970), amides and amines (Rawald, 
1963; Lundeberg, 1970), nucleic acids (Melin, 1925; Mikola, 
1948; Laiho, 1970), Legumin (protein) (Melin, 1925; Mikola, 
1948) and purines (Melin, 1925, 1959) have been found to 
support good growth. 
It is difficult to generalise about the response to 
amino acids. 	The conditions in which previous studies have 
been conducted are diverse and in very few cases have a full 
range of acids been tested. 	However, it seems that they may 
either be utilised as a sole source of nitrogen or may give 
rise to increased growth in the presence of ammonium. The 
capacity to utilize different amino acids is commonly 
different for each fungus. 
Mixtures of amino acid, usually as casein hydrolysate, 
are more effective than any single acid as a sole source of 
nitrogen. 	The amides, asparagine and glutamine, and 
glutamic acid are regarded as the most suitable individual 
acids (Lundeberg, 1970; Laiho, 1970) possible due to their 
central role in metabolism (Vard, 1964). 
The amino acids which, in the presence of ammonium 
nitrogen, stimulate the growth of a particular mycorrhizal 
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fungus are not those which support the best growth in its 
absence. 	Again, a mixture of amino acids is most effective 
but their relative proportions are important (Norkrans, 1950). 
Individually glutamine and aspartic acid may be particularly 
stimulating (Norkrans, 1953; Melin, 1953) possibly through 
the provision of carbon skeletons for incorporation into the 
tricarboxylic acid cycle. 
Mikola (1948) found growth stimulation of C. gniforme 
in the presence of histidine, lysine, methionine and arginine 
but only arginine could be utilised as a sole source of 
nitrogen. 	At higher concentrations histidine became inhibi- 
tory. 	Effects of concentration are also recorded for 
Boletus versipellis and L. rufus (Melin, 1963). 	While many 
species responded positively at concentrations from 5 to 25 mlvi 
glutaiiiic acid, these two reached optimal growth at 0.05 mM 
and declined thereafter. 	Lundeberg (1970) demonstrated a 
fungitoxic effect of 5.4 mlvi asparagine on five mycorrbizal 
isolates. 
4.3 LACTARIUS RUFUS IN PURE CULTURE 
The isolation and maintenance of the culture used. in 
these experiments is described in Chapter 2. 	A type culture 
is deposited in the herbarium of the Royal Botanic Gardens, 
Inverleith Row, Edinburgh. 
The main cultural features, the absence of clamp 
connections and the sparse development of aerial hyphae, are 
those noted by Modess (1941). 	Growth on Hagem malt agar at 
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250C was slow, about 2 cm per month, but not as slow as the 
1 cm per month recorded by Modess (op. cit.) who placed the 
fungus in his "slowest growing group". 	Hattula and G-yllenberg 
(1969) found L. rufus to have one of the slowest growth rates 
of the 33 basidiomycetes in their study. 
The nutritional and environmental requirements of 
L. rufus in pure culture are unknown but for the purpose of 
this study are assumed to fall within the limits for mycorrhi-
zal fungi outlined by Harley (1969). 	Melin (1959) found 
that growth on ammonium nitrate and ammonium sulphate was 
better than that on ammonium tartrate and that growth on 
casein hydrolysate or asparagine was from a third to a fifth 
of that on an ammonium source. 
4.4 GENERAL METHODS 
4.41 Media 
A synthetic medium based on those employed in recent 
studies by Ward and Colotelo (1960), Lundeberg (1970) and 
Laiho (1970) was used in the culture experiments. It con-
tained, per litre of distilled water: 
 Glucose 10.0 g 
 K112PO 4 1.0 g 
 MgSO4 .7H2 0 0.5 g 
 FeSO4 .7H2 0 3.0 mg 
 ZnSO4 .7H2 0 3.0 mg 
 MnC12 .4H2 0 3.0 mg 
 CaC12 50.0 mg 
The minor nutrients (4 - 7) were made up in stock solution 
and diluted as required. 	The following vitamins were 
included in the above medium: 
Aneurin hydrochloride 	150 g 
Pyridoxine hydrochloride 100 g 
Folio acid 	 100 ug 
d-Biotin 10 jig 
These were made up as a concentrated stock solution and 
initially added to the culture flasks as a sterile filtrate 
(Millipore GS 0.22 )1). 	Subsequently they were autoclaved 
with the medium. 	Ward (1962) reports that this does not 
alter their activity. 	The initial nutrient solution with 
added vitamins will be referred to as the "basic medium". 
Nitrogen sources were added to individual culture flasks 
ds a sterile filtrate so that the final nutrient solution, 
or "complete medium", contained the equivalent of 0.25 g 
nitrogen per litre. 	This figure was chosen arbitrarily on 
the basis of the levels used by other workers in similar 
studies. 	Ammonium tartrate (NH 4 tartrate) was used as the 
standard nitrogen source with which all comparisons were 
made. 	Trials indicated that it was as suitable as ammonium 
chloride (NH 4C1) and gave better pH stability. 	The source 
of all nitrogen compounds used is given in Appendix 2. 
The growth of L. rufus on the complete medium (with 
NH  tartrate or NH 4C1 as nitrogen source) in both solid and 
liquid culture was as good as or better than that on Hagem 
malt medium + 25 ppm thiamin. 	The addition to the complete 
medium of 5 g/l malt extract gave no increase in growth 
(Table 4-1). 
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4. 42 pH 
The growth of L. rufus in stationary liquid culture 
(Section 4.44) was greater at pH 5.0 than at pH 4.0 for the 
three media tested (Table 4-1). 	Isolates of other Lactarius 
species have been shown to have pH optima between pH 5.0 and 
P11 7.0 (Modess, 1941; Jayko et al., 1962) but to employ a 
pH greater than 5.0 would bear to relation to the field 
situation. 	In addition the pH optima of different isolates 
of the same species vary greatly (Laiho, 1970) and the 
ecological significance of a precise pH optimum is unknown. 
The complete medium was therefore adjusted after auto-
claving to pH 5.0 with sterile 0.1 N KOH or 0.1 N UC1. At 
the end of each experiment the pH of the filtered medium was 
recorded. 
Table 4-1 
Growth of L. rufus in stationary liquid culture 
on three media at two pH values 
Initial Final 	 (mg)2 Medium pH 	pH' IyceliaJ yield 	replicates 
Complete medium 4.0 2.8 29.90 ± 0.79 	4 
(NH 4c1) 5.0 2.7 37.82 ± 1.87 4 
Complete medium 4.0 3.0 30.50 2.19 	6 
(NH 4C1) + malt 5.0 2.8 40.72 ± 0.26 4 extract 
Complete medium 4.0 4.5 21.50 1.46 	4 
(Arginine) 5.0 5.0 28.76 0.56 4 
1 Average reading 
2 Oven dry wt. (90 °C) after 25 days growth at 25°C 
4.43 Temperature 
Temperature optima for mycorrhizal fungi in pure culture 
are invariably considerably higher than ambient soil 
temperatures during the growing season (Mikola, 1948; Laiho, 
1970). 	In addition optima differ between strains of the 
same species (Laiho, op. cit.) and between the same strains 
on different media (Hacskaylo et al., 1965). 	The range of 
temperature over which a fungus is capable of growth is 
therefore more likely to be significant. 
No temperature optimum was determined for L. rufus 
although a failure to grow at 30°C was noted. 	As it was 
impracticable to carry out experiments At mhient soil 
temperatures (ca. 12°C) all culturing was done at 25
0C, the 
temperature most commonly adopted for this type of work. 
4.44 Method of Culture 
Growth of the fungus was measured as the weight of 
mycelia produced in liquid culture. 	This was preferred to 
the determination, of the radial extension on agar which., 
among other drawbacks (Pedersen and Lindeberg, 1970), does 
not take account of the thickness or density of colonies. 
Several authors (Modess, 1941; Norkrans, 1950; 
Hcsksylo et al., 1965; Lundeberg, 1970) have performed 
stationary liquid cultures by floating plugs from agar 
colonies on the surface of liquid media. 	This method 
proved unsuitable for L. rufus, as the plugs always sank, 
even when supported on filter paper disks. 	Sub-culturing 
for the development of hyphal fans as suggested by I'Iacskaylo 
et al. (op. cit.) was also unsuccessful. 	The failure can be 
attributed to the lack of aerial hyphae, which normally keep 
cultures afloat, and the dense nature of the submerged 
mycelium in this fungus. 
A method was devised where small colonies of uniform 
size (Section 4.45) were aseptically transferred to sterile 
250 ml Erlenmeyer flasks plugged with cotton wool. 	These 
contained 60 ml of media just covering three submerged 75 x 
100 mm Durham tubes on which the agar plug was placed. 	The 
hyphal mat grew well at the liquid/air interphase on the 
surface of the tubes and this method of stationary culture 
was used for several preliminary experiments, including that 
shown in Table 4-1. 
The main experiments were carried out by cultivating 
hyphal suspensions in submerged shaking cultures. 	This is 
the preferred method for physiological investigations 
(Burnett, 1968; Pedersen and L.ndeberg, 1970) and is thought 
to lead to more efficient growth as well as overcoming the 
problems of oxygen deficiency, hyphal restriction and staling 
associated with stationary cultures. 	Unfortunately I. rufus, 
in common with many other mycorrhizal fungi (Pedersen and 
L1ndeberg, op. cit.; Lundeberg, 1970) proved very susceptible 
to mechanical damage in shaking culture, particularly towards 
the end of the experimental period. 
Erlenmeyer flasks (100 ml), containing 20 ml of basic 
medium and pluged with cotton wool were autoclaved for 
20 minutes at 15 p.s.i. and 121 °C and allowed to cool. 	The 
required amount of a nitrogen compound was added as 4 ml of 
sterile filtrate and the complete medium adjusted to pH 5.0. 
Inoculuin was added in 1 ml of distilled water. 	The flasks 
were fitted to a modified deck on a Gallenkamp orbital 
shaker and incubated at 148 r.p.m., the lowest possible 
setting. 	An increase of the shaking rate to 160 r.p.m. 
led to a complete inhibition of growth. 
4.45 Inoculum 
The growth of a fungal culture is influenced by the age 
and past history of the culture used as inoculum (How, 1940; 
Ward and Colotelo, 1960). 	This may be related to the extent 
of "carry-over" of nutrients, or inhibi bory staling products, 
or to the proportion of active mycelium. in the inoculum. 
The importance of nutrient "carry-over" has been stressed 
(Macleod, 1959; Ward and Colotelo, op. cit.) and an effort 
was made to minimise this. 
Plugs of 7.5 mm diameter were taken with a cork borer 
from the periphery of colonies grown for 20 days at 25 °C on 
complete medium (NH 4 tartrate) agar. These were placed in 
plastic petri dishes with 15 ml of basic medium and kept at 
25°C for 14 days. Growth of emergent hyphse was initially 
rapid but by the end of the period had virtually stopped 
and the colonies had a straggly appearance. 	This was taken 
to indicate that the nitrogen source was exhausted. The 
colonies were washed 3 times with sterile distilled water 
over a period of 5 hours before being used for inoculation 
or homogenisation. 
Inoculum standardization in shaking culture experiments 
; 
has been studied by Taber (1957), Macleod (1959) and Ward 
and Colotelo (1960). 	Mycelial yield increases with 
increasing inocularn levels until nutrients and other 
environmental factors become limiting. 	At low inoculum 
levels variation between replicate cultures is high as any 
lack of homogeneity, or error in inoculum transfer, has a 
proportionately greater effect on yield. 	However, at high 
inoculum levels nutrient "carry-overt' becomes excessive. 
A preliminary experiment (Table 4-2) indicated an 
inoculurn of about 2 - 3 mg to be satisfactory, but attempts 
to standardize input at this level failed, as storage of 
homogenised mycelium over a 12 hour period (required for 
oven drying of subsamples and subsequent adjustment) led to 
a loss of viability. 
Table 4-2 
Effect of duration of homogenisation and amount of inoculuni 
on growth of L. rufus in shake culture (25 days at 25 ° C) 








90 s no growth 
3.22 
1 mg oven dry wt. (900C) 







The duration of homogenisation was found to have a 
striking effect on mycelial yield (Table 4-2). 	This is 
contrary to the findings of Savage and Vander Brook (1946) 
and Ward and Colotelo (1960) and emphasises the susceptibility 
of L. rufus to mechanical damage. 
In the procedure finally adopted for inoculation a 
number of nitrogen starved colonies estimated to give the 
required level of inoculum were placed with 80 ml of 
distilled water in a vortex cup and homogenised for 20 seconds 
at full speed. 	Aliquots of 1 ml were transferred at random 
to the culture vessels by sterile syringe fitted with a serum 
needle. 	The dry weight of inoculum was found from the mean 
of ten aliquots filtered and weighed as described below. 
4.46 Estimation of growth 
Myceliuin was harvested on previously dried and weighed 
filter papers, washed four times with 15 nil of distilled H 2 0 
and dried at 90 0C for 24 hours. 	It became apparent that 
fluctuations of up to 1.5 mg in individual filter paper 
weights could occur between weighings so each paper was 
dried and weighed three times before and three times after 
harvest. 	The weight of myceliurn was taken as the difference 
between the two lowest readings. 
4.5 EXPERIMENT I 
This experiment was designed to test the ability of 
L. rufus to utilise an ammonium, a nitrate and an organic 
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Source of nitrogen. 
4.51 Methods 
Flasks with inoculum were prepared with NH  tartrate, 
KNO3 and casein hydrolysate as nitrogen sources. 	The 
experiment comprised 16 treatments (3 N sources and control 
at 4 sampling times) and as the modified orbital incubator 
held a maximum of 66 flasks there were four replicates. 
These were arranged at random in the incubator and 
harvested at noon on day 6, 12, 18 and 24. 
4.52 Results 
The results are shown graphically in Pig. 4-1. 	There 
was no growth in the control flasks and only slight growth, 
which ceased by day 18, in the flasks with KNO 3 . The onset 
of growth in the KNO3 flasks was accompanied by a sharp fall 
in pH which was reversed as growth ceased. 
Growth occurred on both casein hydrolysate and NH  
tartrate but was less than was anticipated on the basis of 
preliminary experiments. 	Both growth curves show an initial 
lag phase but this was longer and more pronounced for 
NH  tartrate (12 - 18 days) than for casein hydrolysate 
(6 - 12 days). 	However, during the linear phase growth was 
more rapid on the ammonium source and there were indications 
that, had the experiment been continued, it would eventually 
have been greater than that on casein hydrolysate. 	At the 
end of the experiment the pellets in the casein hydrolysate 
flasks were numerous, small and buff coloured, while those 
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FIGURE 4-1. 	Growth of L. rufus (solid line) and pH 
changes (broken line) in media containing amino, ammonium or 
nitrate nitrogen. 	Each point represents the mean of four 
replicates. 
in NH  tartrate were fewer, larger, and white. 
4.53 Discussion 
This isolate of L. rufus, in common with many mycorrhizal 
fungi, seems incapable of utilising nitrate nitrogen, although 
the possibility of use over a longer period than that studied 
here cannot be ruled out. 	This may be a reflection of the 
negligible amounts of nitrate contained in forest humus. 
The data for the utilisation of casein hydrolysate and 
NH  tartrate are somewhat similar to those presented by 
Luppi and Fontana (1966) for the nutrition of Boletus luteus 
in pure culture. 	Although initially growth of nitvngi 
starved mycelia is better on a mixture of amino acids than 
on NH4 tartrate, possibly due to the ease with which amino 
acids are incorporated into cell metabolism compared to the 
complexity of ammorium assimilation, this may later be reversed. 
4.6 EXPERIMENT II 
The experiment was designed to test the ability of 
L. rufus to utilise individual amino acids as a sole source 
of nitrogen. 
4.61 Methods 
The amino acids used were those found in the humus 
extracts plus arginine, asparagine and glutamine and with 
cysteine instead of cysteic acid. 	There were 22 treatments, 
including IrII 4 tartrate and a control, each replicated three 
times. 	A complete survey of amino acids was preferred to 
a large number of replicates. 
Cysteine and histidine were added as the hydrochloride 
salt and all amino acids were in the L-form. 	Several 
(Giu, Cys 1101, Asp, Tyr, Cystine) were insoluble at the 
levels required for the initial solutions and were dissolved 
in acidified distilled 112 0 	In these cases IN KOH was 
used to adjust the complete medium to pH 5.0, but when this 
was done tyrosine was immediately precipitated out of 
solution and cysteine 1101 and cystine precipitated out 
during the experiment. 	These treatments were discarded. 
4.62 Results 
The cultures were harvested after 30 days and the mean 
dry weight and variation for each treatment is shown in 
Fig. 4-2. 	The range of final pH is also shown. 
Only serine provided a nitrogen source which was as 
good as or better than NH 4 tartrate. 	Glycine, aspartic 
acid, histidine and glutamic acid supported some growth but 
only half of that on NH  tartrate. 	There was very little 
growth in the other treatments although all showed some 
increase in weight compared with the controls. 	The pH of 
the media in most of the flasks dropped slightly during the 
experiments. 
4.63 Discussion 
These results agree with those of Melin (1959) who 
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FIGURE 4-2. 	Growth of L. rufus and pH changes in media 
containing NH  tartrate or individual amino acids as the 
sole nitrogen source. 	Solid lines represent the range, and 
points the mean, of three or (x)  two replicates after 30 days. 
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ammonium rather than amino nitrogen. Without more complete 
replication and investigation of amino acid mixtures this 
cannot be confirmed. 
There is no indication why the capacity of L. rufus to 
utilise amino acids should be different from that of many 
other mycorrhizal fungi. 	Coil and Leal (1972) have shown 
that while certain fungi imperfecti can deaminate amino acids 
they are unable to metabolize their carbon chains. 	These 
accumulate in the culture medium and the organic acids thus 
formed reach toxic concentrations. 	Melin's (op. cit.) 
observation (which I could not confirm) that NH  tartrate is 
a less satisfactory nitrogen source than inorganic salts, is 
relevant in this context. 
4.7 EXPERIMENT III 
This experiment was designed to examine the effect of 
the addition of small quantities of amino acid on the growth 
of L. rufus with NH  tartrate as the major nitrogen source. 
4.71 Methods 
The amino acids were added to the basic medium as a 
sterile filtrate in solution with NH tartrate, so that 
their final concentration in the complete medium was 0.4 mM 
(10 p.mole per flask). 	This is the concentration used in 
studies by Liikola (1948) and Norkrans (1950). 	Cystine was 
insoluble at the stock concentration and was treated as 
detailed in the previous experiment. 	There were 22 treatments 
each with 3 replicates. 
4.72 Results 
Fig. 4-3 shows the mycelial weights and media pH after 
35 days growth. The overall growth in the experiment was 
poor. The cause may have been a fault in the incubator 
which resulted in a shaking rate of 158 r.p.m. for the first 
6 days, during which time growth was inhibited. 	Contamina- 
tion was high and all three replicates treated with serine 
were lost. 
The growth of L. rufus was inhibited by the majority of 
the amino acids tested. 	Although some growth occurred in 
all treatments it was only comparable to that on NH  tartrate 
alone in the presence of lysine, asparagine, arginine and 
histidine. 	Lysine appeared to stimulate growth slightly. 
4.73 Discussion 
The experiment indicates that the growth of L. rufus 
is depressed rather than stimulated by the presence of most 
amino acids. 	However the concentrations employed here are 
eight times those found by Melin (1963) to inhibit growth. 
Below this level (50 )M) a positive growth response was 
shown and this may also be the case with several of the 
amino acids tested here. 	It was not possible to repeat 
the experiment using lower concentrations. 
Three of the four treatments which did not markedly 
depress the growth of the fungus were those involving the 
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FIGURE 4-3. 	Growth of L. rufus and pH changes in media 
containing NH  tartrate as the major nitrogen source with, 
in addition, 400 jz moles per litre of individual amino acids. 
Solid lines represent the range, and points the mean, of 
three or (*) two replicates after 30 days. 
(1948) found that these acids stimulated the growth of 
Cenococcum graniforme and concluded that although the fungus 
was capable of synthesizing all amino acids from ammonia its 
ability to synthesize several, including arginine, lysine 
and his -tidine, was so limited that growth was better when 
they were readily available. 
As found by other workers acids which alone support 
growth of the fungus, e.g. glycine, aspartic acid and 
glutamic acid, may be detrimental in the presence of ammonium. 
4.8 	DISCUSSION 
The culture used in these experiments was isolated from 
a sporophore on 10.9.69. 	Preliminary pure culture experiments 
were commenced on 29.9.70 and the three main experiments took 
place between 10.3.71 and 6.8.71. 	During this time (29.9.70 
- 6.8.71) there was a rapid decline in the vigour of the 
isolate, resulting in reduced inoculum viability and high 
susceptibility to mechanical damage. 	This phenomenon is 
common in mycorrhizal fungi and is presumed to be a result of 
constant subculturing and of inadequacies in synthetic media 
(Hacskaylo et al., 1965; Palmer and Hacskaylo, 1970). 
It has, however, been possible to show that in the given 
conditions and at the concentrations supplied, L. rufus makes 
good growth on ammonium and on a mixture of amino acids but 
makes very little growth on nitrate. 	Individual amino acids, 
with the exception of serine, are less satisfactory than 
ammonium. 	When supplied in association with ammonium, they 
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appear, with the exception of lysine, and possibly arginine 
and asparagine, to inhibit growth. 
These results and those of Melin (1959, 1963) suggest 
that L. rufus is not a typical mycorrhizal fungus. 	However 
further study is required to confirm this. 	The optimum 
concentration for each nitrogen source, their relative 
efficiency at sub optimal levels, and the effect of a range 
of concentrations of amino acids at optimal and sub—optimal 
levels of ammonium should be investigated. 
The value of a compound as a nitrogen source presumably 
reflects the ease with which it is incorporated into the 
metabolism of the cell. 	Thus nitrate is not utilised, as 
nitrate reductase may be lacking, and mixtures are more 
suitable than single amino acids as fewer transaminstion and 
deamination reactions may be required. 	Serine and glycine, 
the two individual acids best utilised by L. rufus, are known 
to be closely related in terms of biochemical reactions and 
biosynthesis (Cochrane, 1958). 
Growth stimulation by amino acids in the presence of 
ammonium is also thought to be related to the metabolism of 
the fungus in question. 	Harley (1969) suggests the effects 
may be due to deficiency of synthesis of particular amino 
acids, to the provision of tricarboxylic acids or closely 
related compounds, or to glutamyl radicles from which trans- 
amina -tion and protein synthesis may be accomplished. 	However 
it has never been shown to what extent the amino acid is taken 
up from the media by the fungus or indeed whether it is taken 
up at all. 	It is therefore possible that in at least some 
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cases the observed stimulation or depression of growth is 
due, not to a particular metabolic requirement for the amino 
acid, but rather to its ability to increase or decrease the 
rate of ammonium uptake and assimilation. 
Amino acids have been shown to regulate the uptake and 
assimilation of both nitrate and sulphate in cultured 
tobacco cells (Filner, 1966; Hart and Filner, 1969) and 
there are indications that similar systems may exist in fungi 
(Yamamoto and Segel, 1966; Benko at al., 1967). 	In the 
tobacco system (op. cit.) the assimilation of both nitrate 
and sulphate was accelerated by arginine and lysine and the 
possibility of a similar role for these amino anids in t.h 
assimilation of ammonium by mycorrhizal fungi merits investi-
gation. 
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CHAPTER 5 
THE EFFECT OF AMINO ACIDS ON SEEDLING- GROWTH AND 
MYCORRHI ZAL DEVELOPMENT 
5.1 	INTRODUCTION 
The findings of Chapter 3 are important in view of the 
considerable evidence that amino acids can be taken up by 
plant roots and may influence plant growth and development. 
Early literature, reviewed by Hutchinson and Miller 
(1911) is of questionable value because of failure to 
maintain aseptic conditions. 	More recently Virtanen and 
Linkola (1946) gave indirect evidence that amino acids were 
taken up as such by intact pea plants and not dearninated on 
the root surface. 	The use of radioisotopes has allowed 
this to be confirmed for peas (Miettinen, 1959) and beans 
(Miller and Schmidt, 1965b). 	Amino acids absorbed in this 
way are not extensively decomposed but are transported 
throughout the plant and may take part in normal metabolic 
processes. 	In addition amino acids may be used simul- 
taneously with other nitrogen sources such as ammonium or 
nitrate (Virtanen and Linkola, op. cit.; Ghosh and Burns 
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1950). 
Plant response varies between species and ranges from 
toxicity to apparent nutritional use depending on the amino 
acid and its concentration. 	Of the species investigated 
by the above authors peas, beans, clover and tomatoes 
appear to be capable of using a number of amino acids as 
nitrogen sources and glutamic acid, aspartic acid and 
alanine in particular may allow better growth than ammonium 
or nitrate. 	On the other hand barley, wheat and tobacco 
make very little growth on amino acids. 	Many acids appear 
to have toxic effects and their utilisation, even in 
conjunction with ammonium or nitrate, is very variable. 
Some amino acids and amines have morphogenetic effects 
on plants (Steinberg, 1949; Waris, 1962; Woltz and Jackson, 
1961; Ulrich et al., 1964). 	Growth modifying properties 
are associated with both D- and L- isomers. 	Woltz (1963) 
has suggested that these are antirnetabolic effects and 
result from structural similarities between amino acids 
leading to competitive inhibition of normal metabolic pathways. 
The most critical work on amino acid uptake has been done 
on excised roots or storage tissue. 	Birt and Hird (1958a, b) 
and Wright (1962) have shown that uptake is an energy 
dependent process. 	The rate of uptake was linear over the 
experimental period (<5h) and competition studies suggested 
that a common carrier system is involved, but that the 
affinities of the various amino acids for the system differ. 
More recent work with fungi indicates that specific amino 
acid permeases may also exist (Benko et al., 1966). 
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Audus and Quastel (1947) studied the influence of 
several amino acids on the growth of cress roots. 	All 
except alanine and glutamic acid were inhibitory at concen-
trations of 0.17- and most were inhibitory at 0.0010,,t to 0.01%. 
Aspartic acid had a small, and glycine a considerable, 
inhibitory action at 0.01%. 	These effects were attributed 
to competitive interference in the normal transaminase 
systems of the plants. 
Street et al. (1960) found that (a) individual amino 
acids, other than L-glutamine and L-asparagine, and (b) 
mixtures of amino acids, were useless as nitrogen sources 
for excised tomato roots. 	When applied in addition to 
nitrate all except L- and D-cystine, L-aspartic acid and 
L-arginine were inhibitory. 	Pilner (1966) has shown that 
nitrate reductase activity in cultured tobacco cells can be 
regulated by exogenously applied amino acids. 	Sulphate 
assimilation can be similarly controlled (Hart and Filner, 
1969). 
In contrast to the findings with nitrate, Street et al. 
(op. cit.) report that, when supplied in the presence of 
ammonium, mixtures of amino acids stimulated growth, provided 
that the pH of the medium was greater than 5.3. 	Basic amino 
acids were particularly effective in this respect and some 
amino acid imbalance or deficiency when ammonium is a sole 
nitrogen source was proposed as a possible mechanism. 
Stimulation of growth and branching of alfalfa roots following 
the addition of aspartic acid to an ammonium source has also 
been recorded (Ratner et al., 1963). 	Further information 
on the effects of amino acids on ammonium assimilation, 
particularly in species likely to be dependent on ammonium 
nitrogen under natural conditions, would be of great interest. 
5.11 Interactions between mycorrhizas and amino acids 
Melin and Nilsson (1953) have shown that 15N. derived 
from [ 15N] glutamic acid may be transferred to the tissue of 
mycorrhizal Pinus sylvestris seedlings through the hyphae 
of the fungal symbiont. 	Excised beech mycorrhizas adsorbed 
glutamic and aspartic acid and their amides, probably as 
whole molecules, but nitrogen uptake was less than would be 
expected from ammonium solutions of the same molarity 
(Carrodus, 1966). 	Marcenko (1967) reports that aspartic 
and glutamic acids disappeared from a solution into which 
excised mycorrhizas of Picea abies were introduced. 
Melin (1925) maintained that organic sources of nitrogen 
play an important role in the formation of mycorrhizas, and 
that the assimilation of organic nitrogen was facilitated in 
mycorrhizal seedlings. 	There is no good evidence for this 
in his paper and later studies (McArdle, 1932; Hatch, 1937) 
have been equally inconclusive. 	The possibility has now 
arisen that organic nitrogen (asparagine, peptone, or casein 
bydrolysate) in culture media may even inhibit mycorrhizal 
formation (Shemalthanova, 1967). 
These workers supplied amino acids as the sole source 
of nitrogen, ignoring the possible interactions of amino 
acids with ammonium assimilation. 	In the experiment 
described here single amino acids found in humus were supplied 
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to seedlings in conjunction with alTimonium nitrogen. 
Only a limited number of amino acids could be investi-
gated and two, aspartic acid and serine, were chosen. 
Aspartic acid is an important early metabolite in the process 
of ammonium assimilation and a precursor for transaniinase 
reactions. 	It was a moderately good nitrogen source for 
L. rufus in pure culture but depressed growth in the presence 
of ammonium nitrogen. 	Serine, on the other hand, was an 
excellent nitrogen source for L. rufus. 
5.2 METHODS 
Several modifications were made to the synthetic culture 
technique described in Chapter 2. 	The experiment was 
carried out in a growth chamber which provided a cleaner 
external atmosphere and allowed more accurate control of 
temperature and daylength. 	The irradiance in the chamber 
was 7 mW cm- 
2  considerably lower than that in the greenhouse 
(20 - 25 mW cm 2 ). 	In view of the interactions between 
light intensity, nutrient regime, and rnycorrhizal intensity 
Harley (1969), the composition of the nutrient solution was 
adapted as described below. 
Shemakhanova's (1960) solution is "formulated to enhance 
mycorrhizal formation at low light intensities" (Trappe 1967). 
A preliminary experiment compared seedling growth and mycorr-
hizal formation using this and standard Melin-Nilsson 
solution (Table 5-1). 	Non-mycorrhizal seedlings grew 
equally well on both solutions but mycorrhizal infection 
Shemakhanova (per litre) 
K2HPO 4 
(NH 4 ) 211PO4 
Ca C 12 
Mg504 . 7H2 0 







1.2 ml of 1% aol. 
0.05 g 
5.0 g 
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Table 5-1 
Seedling growth and niycorrhizal development in vermiculite 
moistened with two nutrient solutions 
Treatment 	Solution 	Total 	% Mycorrbizal Dry Wt. (mg)' 	Infection1 
Uninoculated Melin-Nilsson 	75.0 	 - 
Shemakhanova 74.7 
Inoculated 	Melin-Nilsson 	65.8 	 46% 
with L. rufus Sbeia1thanova 77.0 39% 
Each value represents the mean of 4 replicates 
2 IIeiin-Nilsson (per litre) 
0.5 g 
(NH 4 ) 2HPO 4 0.25 g 
CaC12 0.05 g 
MgSO4 .7H2 0 0.15 g 
Fe Citrate 1.2 ml 	of 11C, sol. 
Thiamine O.OlSrg 
Glucose 2.5 g 
S. 
depressed growth on Melin-Nilsson solution. 	The large 
amount (5 g/l) of glucose in Shemakhanova's solution appears 
to interfere with mycorrhizal formation, and wefts of 
apparently free-living mycelium were observed not only 
around non-mycorrhizal roots but throughout the substrate. 
Shemakhanova (1967) found that this level of glucose 
stimulated mycorrhizal formation at illumination of 771 lux 
(c.12 rnW cna 2 ) but depressed it at 3593 lux (c.55 mW cm -2). 
Apart from glucose and thiamine the media differ in 
nitrogen and phosphorus levels. 	These are 50% less in 
Shemakhanova's which appears to lead to a more balanced 
relationship between fungus and host. 	Accordingly the 
solution used in the main experiment wa 3 that of Melin-
Nilsson (with low glucose and thiamine) but with the nitrogen 
and phosphorus content of Shemakhanova. 	It contained, in a 
litre of distilled water: 
K211PO 4 	 0.259 
(NH 4 ) 2HPO 4 	0.125 g 
CaC12 	 0.05 g 
Mg304 .7H2 0 	0.15 g 
Fe Citrate 	1.2 ml of i% aol. 
Thiamine 	0.015 mg 
Glucose 	2.5 g 
As the main experiment was to include additions of 
organic nitrogen, peat moss, a possible source of organic 
nitrogen, could no longer be used to stabilise the pH of the 
substrate. 	Several alternatives were considered but a 
physiologically inert synthetic buffer is difficult to find 
- 100 - 
(Marx and Zak, 1965). 
The most promising substance (Fig. 5-10appeared to be 
Zeocarb 225 cation exchange resin saturated with H+  ions by 
treatment with 2N hydrochloric acid. 	By altering the amount 
of resin the pH of the substrate could be controlled much as 
with peat moss (Fig. 5-1b). The disadvantages of the resin 
technique are firstly that even the smallest beads (< 200 
mesh) tend to accumulate at the bottom of the flask and 
secondly that long term pH stabilisation is not as satis- 
factory as with peat moss. 	In the preliminary experiment 
described above the pH shifted from 4.8 to 5.5 over a period 
of 8 weeks. 	However, this is better than no pH control at 
all and the method was adopted for the main experiment. 
Ideally the effects of aspartic acid and serine should 
be tested over a range of concentrations. 	As this was not 
possible they were supplied only at a concentration of 0.5 mM, 
representing 66 ppm of aspartic acid and 52 ppm of serine. 
This concentration is considerably lower than that used by 
most other workers. 	It is difficult to compare concentra- 
tions in experimental substrates with those in field conditions. 
While the levels used are higher than average values obtained 
from the field they are not too unrealistic (Table 5-2). 
5.21 Procedure 
A quantity of Zeocarb 225 ion exchange resin (< 200  mesh 
beads) was treated with 2N hydrochloric acid to give the 
(H) form. 	Excess acid was removed by repeated centrifuga- 













Zeocarb 225 (Mi 
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FIGURE 5-1. 	(a) The effect of additions (1% by weight) 
of several substances on pH changes in vermiculite moistened 
with nutrient solution during 48 hours after autoclaving. 
Each point represents the mean of four replicates. 
(b) The effect of Zeocarb 225 (H f ) ion exchange 
resin on the pH of 350 ml of vermiculite moistened with 
275 ml of nutrient solution 72 hours after autoclaving. 	Each 
point represents the mean of four replicates. 
Table 5-2 
A comparison of the levels of amino acid used experimentally with those found in forest humus 





Concentrations Aspartic Acid 
under labora- 
tory conditions Serine 
Cone. in air dry 
humus (mg/100g) 
H2 0 	20% EtOE 
	
0.5 	 5.8 
1.25 	5.4 
16.6 	77.7 





Cone. in humus at 
335% moisture 
content (mg/bOg) 




Conc. in vermiculite 




Conc. in soil solution1 
(approx. mg/100 ml) 











 Assumes that 50 g of humus at 335% moisture con;ent hold approx. 35 ml of solution 
 Represents the mean of values for the L and F horizons 
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The washed resin beads were suspended in distilled 
water and rapidly agitated so that 10 ml of a slurry con-
taming 5 g of beads could be drawn off with a serum syringe. 
The slurry was sprayed into a one litre Erlenmeyer flask 
containing 350 ml of screened, autoclaved. vermiculite to 
which had been added 275 ml of nutrient solution adjusted to 
pH 3.5 with 1.014 hydrochloric acid. 	Flasks were plugged 
and capped as before and autoclaved for a further hour. 
Ten ml of L-aspartic acid or L-serine solution was 
sprayed on to the surface of the substrate through the fine 
needle of a syringe fitted with a Millipore filter (G.S. 0.22 ). 
Control flasks received 10 ml of distilled water. 	The 
flasks were left for a week to allow the amino acids to 
diffuse throughout the substrate and to check for contamination. 
The pH at this stage was 4.8 but had risen to 5.8 by the end 
of the experiment. 
Surface sterilised Sitka spruce seeds were germinated as 
before and one 20 day old seedling with radicle about 1.5 cm 
was planted in each flask. 	A plug of inoculum from the 
periphery of a 25 day old colony of L. rufus cultured on 
complete medium agar was placed 2 cm from the seedling 1 cm 
below the surface of the substrate. 	Control flasks received 
a plug of sterile agar. 
Three flasks from each of the six treatments (Table 5-3) 
were assigned to each of four blocks arranged in the growth 
chamber as shown in Appendix 1.1. 	These eighteen flasks 
were then totally randomised within each block and their 
positions noted. A "guard row" of non-experimental material 
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was included. 	The experimental design was devised to take 
account of possible environmental gradients within the 
chamber and data can be treated by two way analysis of 
variance testing for the effect of blocks, treatments and 
interactions. 
Before the experiment started the growth chamber was 
scrubbed with a mixture of phenol and Dettol and programmed 
to a 20 b, 16 0C day and a 4 h, 8 0C night. 	This gave 
temperatures within the flask of 18 0C and 100C respectively. 
The experiment was terminated when the seedlings were 12 
weeks old. 
Table 5-3 
Treatments in growth room experiment. 	Each treatment 
comprised 12 flasks distributed between 4 blocks 
Abbreviation 	 Treatment 
00 	 No amino acid 
.A0 	 Aspartic acid 
SO 	 Serine 
OM 	 No amino acid + L. rufus 
AM 	 Aspartic acid + L. rufus 
Sill 	 Serine + L. rufus 
5.3 	RESULTS 
When sterility tests were made at the end of the experi-
ment 6 flasks, less than 10% of the total number, were found 
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to be contaminated. 	This improvement on earlier experiments 
is possibly due to the cleaner conditions in the growth room, 
the absence of peat moss as a source of contaminants and the 
use of a laminar flow transfer cabinet. 
Although treatments, seedlings and inocula were applied 
to the flasks using random numbers contamination did not 
appear to be randomly distributed (Table 5-4). 	All three 
flasks of treatment 00 in block I were contaminated by 
similar bacteria, suggesting that these flasks were processed 
in order during the randomised procedure. 
Table 5-4 
Distribution of contaminated flasks by blocks and treatments 
Treatment 	 Block 




ON 	 - 	- 	- 	- 
AM 	 - 	 - 	- 
SM  
This distribution of contamination precludes the use of 
statistical analyses for which the experiment was designed. 
Alternative methods are considered in Appendix 1.2. 
Retaining the block design not only leads to a considerable 
loss of information as data is averaged or discarded but also 
entails estimating for missing values with subsequent mean 
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square bias. 	However, as the differences in treatment response 
between blocks appear insignificant, the blocks can be 
ignored and the data analysed as a one-way classification 
with unequal numbers of replicates. 	By this method no 
estimation is required, all the data is utilised and the most 
effective mean separation is obtained. 	This was done, as 
before, using Duncan's Multiple Range Test. 
Variability in the data was high particularly in those 
treatments involving amino acids. 	This may indicate a 
genetically controlled plant response to these compounds or 
may merely represent their uneven distribution throughout the 
substrate in different flasks. 	Despite the high variability 
several significant (p 	0.05) treatment effects were computed. 
These are shown in Tables 5-5 (Growth), 5-8 (Morphology) and 
5-9 (Short root development). 
In the absence of mnycorrhizal infection the presence of 
0.5 mM aspartic acid (A0) or serine (SO) in the substrate 
significantly decreased height, shoot dry weight and total dry 
weight of the seedlings (Table 5-5; 5-6). 	In all parameters 
the decrease was greatest (by a factor of from 1.25 to 2) in 
the presence of serine. 	Root dry weight was slightly 
depressed by serine but not by aspartic acid. 
The inhibitory effect of aspartic acid on shoot growth 
was almost totally removed by mycorrhizal infection (All) 
(Table 5-6). 	The effect of serine persisted in mycorrhizal 
seedlings (31J) and the decrease in root weight was more marked. 
However, these seedlings (SliT) showed a significant 
increase in total dry weight over those treated with serine 
Table 5-5 
The effect of L—aspartic acid (A), L—serine (s) and I. rufus (M) on the growth of Picea 
si -bchensis seedlings in aseptic culture 
Growth parameter Ranked treatment means' (coefficients of variation are shown in brackets) F 










5.75 	(12) 21.721 










52.34 	(18) 22.170 
(c) Root dry wt. 	(mg) SO SM 00 .A0 AM OM 
12.47 (50) 18.75 (35) 19.58 (17) 	22.68 	(27) 38.88 (38) 39.07 (17) 20.326' 










91.41 (12) 28.224 
1. All means underscored by the same line are not significantly different at the 55 level 
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alone (so). 	This improvement in growth following mycorrhizal 
infection also occurred in the other treatments but was 
particularly marked in the presence of aspartic acid (AM) 
(Table 5-7). 
Table 5-6 
Percentage decrease in mean height and shoot, root and total 
dry weight of mycorrbizal and non-mycorrhizal plants in the 
presence of aspartic acid and serine 
% Decrease 






.LL)t 	. Shout RUUL XO( -  J 
Ht. 	wt. wt. wt. Ht. wt. wt. wt. 
Non-mycorrhizal 42* 	40* 0(+16) 
24* 	53* 56* 36 50* 
Mycorrhizal 12 	8 0 5 	45* 46* 52* 48* 
Table 5-7 
Percentage increase in mean root, shoot and total dry weight 
of seedlings following rnycorrhizal infection 
% Increase 
Treatment 	 Root wt. 	Shoot wt. 	Total wt. 
No supplement 	 99* 	 9 	 36* 
Aspartic acid 	 71* 	 67* 	 69* 
Serine 	 50 	 33 	 40 
In all treatments the greatest dry weight increase 
following mycorrhizal infection occurred, as might be expected, 
in the root system (Table 5-7). 	Those seedlings which received 
I; 
no amino acid supplement (OM) had twice the root dry weight 
of their non-mycorrhizal counterparts (00) but almost identical 
shoot weights. 
In all treatments mycorrhizal seedlings were significantly 
shorter but heavier than non-mycorrhizal ones and the dry 
weight per unit height was remarkably constant between 
mycorrhizal seedlings on the one hand and non-mycorrhizal 
seedlings on the other (Table 5-8b). 	This may be attributed 
in part to an increase in the production of lateral buds and 
branche by mycorrhizal seedlings. 
Total short root production in each treatment was 
exceptionally variable (Table 5-9a) but on the whole much 
greater than that noted in previous experiments. 	Length of 
lateral root was not measured and, due to gross morphogenetic 
effects associated with treatments, root dry weight was not a 
good parameter to relate to short root production. 	However 
it appears that aspartic acid and particularly serine, may 
promote short root development at least as much as does 
mycorrhizal infection. 
The distribution of the percentage mycorrhizal infection 
of seedlings is shown in Fig. 5-2. 	No significant difference 
can be shown between treatments but it seems likely that at 
least in some instances serine may have an inhibitory effect 
on mycorrhizal formation. 	The correlation found previously 
between short root production, lateral branch production and 
percentage mycorrhizal infection could not be confirmed in 
this experiment. 
The appearance of the seedlings was characteristic for 
4 
Table 5-8 
The effect of L-aspartic acid (A), L-serine (5) and L. rufus (M) on the morphology of Picea 
sitchensis seedlings in aseptic culture 
Parameter 	 Ranked treatment means' (coefficients of variation are shown in brackets) 
	
F 
SO 	SM 	OM 	AM 	AO Root : Shoot ratio 2 	00 0.419 (21) 0.577 (42) 0.671 (34) 0.780 (35) 0.791 (28) 0.855 (38) 
Shoot dry wt. per 	SO 	00 	AO 	SM 	OM 	AM 
cm height 2 (mg/cm) 7.87 (14) 	8.36 (16) 	8.57 (29) 10.80 (18) 11.21 (17) 11.76 (22) 
(o) No. of buds and 2 	SO 	 .SIvi 	 A0 	 AM 	 00 	 OM lateral branches 1.18 (51) 	1.82 (48) 	2.0 (77) 	3.25  (32) 	3.89 (33) 	4.33 (41) per plant 
All means underscored by the same line are not significantly different at the 5% level 







The effect of L-aspartic acid (A), L-serine (s), and L. rufus on short root development of 
Picea sitctiensis seedlings in aseptic culture 
Parameter 
Total no. of 
short roots 2 
Ranked treatment means  (coefficients of variation are shown in brackets) 	F 
SO 	SM 	00 	 A0 	 OM 	 AM 
84.27 (56) 89.91 (58) 90.22 (41) 137.27 (27) 194.83 (29) 249.17 (39) 14.640 
00 	SM 	OM 	 A0 	 AM 	 SO 
4.61 (38) 	5.05 (56) 	5.17 (34) 	6.38 (33) 	6.80 (29) 	6.88 (56) not sig. 
SM 	OM 	AM 
37.4 (105) 55.3 (48) 64.2 (44) 
Short roots per mg 
root weigh 3 
$ Mycorrhizal 
infection4 
 All means underscored by the same line are not significantly different at the 5$ level 
 Square root transformation of data prior to analysis of variance and mean separation 
 Logarithmic transformation of data prior to analysis of variance and mean separation 
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% lnfecticm 
FIGURE 5-2. 	The distribution of percentage mycorrhizal 
infection of Sitka spruce seedlings with no addition (OM), 
L-aspsrtic acid (AM), or L-serine (SM). 
SM 
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each treatment (Plate 5-1. 5-2). 	The controls (00) had 
rather sparse needles and appeared by their pale yellowish 
green colour to be suffering from nitrogen deficiency. 	Their 
counterparts inoculated with L. rufus (OM) although shorter 
had denser, darker green needles and a typically mycorrhizal 
root system. 
In the presence of aspartic acid (A0), seedlings were 
much shorter and bushier. 	In four of the eleven replicates 
the plumule, after reaching a height of about 2.5 cm, became 
dark-brown, brittle and died. 	Growth was continued by 
lateral buds in the axils of the cotyledons. 	A further three 
seedlings were beginning to show these symptoms at the time 
the experiment was terminated and the remaining plants all 
showed varying degrees of needle browning and twisting. 	The 
main lateral roots of the seedlings appeared to be thickened 
and somewhat stunted and short root production was enhanced. 
Only one of the seedlings inoculated with L. rufus (AM) 
showed the dead plumule disorder and while three others had 
occasional dead needles they appeared otherwise healthy. 	The 
root systems were normal and typically mycorrhizal. 
Seedlings treated with serine (so) were very stunted and 
five of the eleven showed the pinkish/pale green coloration 
of acute nitrogen deficiency (Benzian 1965). 	The others 
were a pale yellowish green with occasional necrotic needles. 
Root hairs were more or less absent from the root systems and 
dark brown, swollen, lateral branched with a rough, cracked, 
surface carried large numbers of stunted, shining short roots. 





PLATE 5-1. 	L/Iycorrhizal (OM) and non-niycorrhizal (00) 
seedlings of Sitka spruce showing the contrast in root 













PLATE 5-2. 	The effect of aspartic acid (A) and 
serine (s) on the growth and development of mycorrhizal 
(M) and non—rnycorrbizal (0) see'dlings of Sitka spruce. 
SM 
So 
PLATE 5-3. 	Parts of mycorrbizal (Si) and non-mycorrhizal 
(SO) root systems of Sitka spruce seedlings treated with 
serine, showing individual mycorrhizas (m) and the cracked 
and damaged appearance of the roots. 
(a) 	 (b) 
5MM 
PLATE 5-4. 	(a) Vigorous mycorrhizal development on Sitka spruce seedlings treated with 
aspartic acid. 	A strong morphogenic response to infection (b) was common in this treatment. 
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Three of the eleven showed acute, and all the others less 
severe nitrogen deficiency. 	Mycorrhizas and uninfected 
short roots had a strong superficial resemblance in these 
treatments (Plate 5-3) and were quite difficult to distinguish 
but it appeared that infection was often either lacking or 
confined to small areas of the root system. 	On the other 
hand three seedlings were almost completely mycorrhizal. 
This had no effect on the appearance of deficiency symptoms. 
On occasion the morphogenetic effect of mycorrhizal 
infection upon the adsorbing roots was very pronounced. 	The 
dense clusters of mycorrhizas with irregular second and third-
order branching (Plate 5-4) were unlike any formed in the 
previous synthetic culture experiment and were more akin to 
the type of development observed under natural conditions. 
This was particularly noticeable in amino acid treatments. 
There were other indications of the virulence of the 
fungus. 	Large quantities of mycelium were observed around 
the roots and dark brown rhizomorphs about 200 i in diameter 
connected the original inoculum with points on the root surface. 
In one flask containing a strongly mycorrhizal seedling (OM) 
a hemispherical lump of fungal tissue, 600 	in diameter, was 
found about 1 cm from the original inoculum just below the 
surface of the vermiculite. 	On examination it was found to 
consist of packets of sphaerocyats which are indicative of 
fruit body primordia. 	Sporopihore formation by ectomycorrhizal 
Agaricales in aseptic synthesis is uncommon and has previously 
been recorded only for Boletus communis (Bryan and Zak, 1961 1 . 
L. rufus may be particularly suitable for the study of the 
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factors governing sporophore formation by mycorrhizal fungi 
as it also fruits under natural conditions when only seedlings 
are present (Laiho, 1970). 
5.4 DISCUSSION 
Harley (1969) and Harley and Lewis (1969) have discussed 
the interactions of light intensity, nitrogen supply and 
hormones of fungal origin on the formation and morphogenesis 
of mycorrhizas. 	The conditions in this experiment seem 
particularly suitable for vigorous rnycorrhizal development. 
One can speculate that this may involve both a high rate of 
auxin production by the fungus in response to the low nitrogen 
concentrations (Moser, 1959) and an interaction between this 
auxin and the level of soluble carbohydrate in the roots 
(Slankis, 1961, 1963; Street, 1967). 	This level may be high 
as a result of both the low external nitrogen concentrations 
and the low night time temperatures. 	If, as is suggested 
below, serine in the substrate disrupts the nitrogen 
metabolism of the seedlings to the extent that nitrogen 
starvation develops and carbohydrate metabolism breaks down 
this would explain the inhibition of mycorrhizal formation in 
its presence. 
In a previous experiment (Experiment II, Chapter 2) a 
correlation between the degree of mycorrhizal infection and 
the development of lateral branches led to the suggestion 
that growth factors of fungal origin may influence the aerial 
development of the seedling. 	Although no such correlation 
- 114 - 
was found in this experiment, mycorrhizal seedlings in all 
treatments were clearly shorter but heavier than their non-
mycorrhizal counterparts. 	The range of shoot weights per 
unit height for mycorrhizal (10.80 - 11.76 mg/cm) and non-
inycorrhizal (7.87 - 8.57 mg/cm) seedlings, is remarkably 
consistent with the values from Experiment II (11.06 and 7.96 
mg/cm) despite the very different experimental conditions. 
Without further investigation it is impossible fully to 
explain this phenomenon. 	There are several possibilities 
none of which are mutually exclusive. 	As suggested in 
Chapter 2, fungal growth factors may promote lateral 
branching. 	Improved nutrition, resulting from mycorrhizal 
formation, may give rise to thicker stems and heavier needles. 
Improved nutrition may also lead to a reduction in nutrient 
competition between apices within the plant with a consequent 
decrease in apical dominance and correlative inhibition. 
This latter theory, which has good support in the literature 
(McIntyre, 1964, 1968; Will, 1971), fits the experimental 
observations well and is worthy of further study. 
In the presence of ammonium both aspartic acid and serine 
inhibit seedling growth, the former giving rise to the death 
of parts of the shoot system and the latter leading to damage 
and excess branching in the root system and to acute nitrogen 
deficiency. 	In the absence of information on the actual uptake 
and fate of the compounds involved the disturbance of 
metabolism associated with these events cannot be described 
and their interpretation can only be speculative. 
Although externally applied amino acids are known to be 
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capable of changing membrane permeability (Street, 1966) and 
binding essential metallic ions in unavailable form (McKee, 
1962), their main effect is likely to be on the nitrogen 
metabolism of the plant. 	The possible mechanisms, e.g. 
repression of endogenous synthesis or disruption of trans-
amination and protein synthesis, are largely unexplored. 
In this case the further possibility arises that they may 
interfere with ammonium assimilation by inhibiting its uptake 
or preventing its conversion. 	The symptoms exhibited by the 
root systems of the serine treated plants suggest ammonium 
toxicity. 	Non-incorporated ammonium may accumulate in the 
roots, the primary site of nitrogen assimilation, while the 
aerial parts of the plant exhibit nitrogen deficiency. 
In the presence of mycorrhizas the toxic effects of 
aspartic acid viere minimized but those of serine were only 
marginally relieved. 	In pure culture (Chapter 4) serine was 
shown to be very suitable as a nitrogen source for L. rufus 
and aspartic acid moderately so. 	In the presence of 
amnionium aspartic acid depressed growth but no information is 
available concerning serine. 	Here again it is impossible to 
reconcile these observations with those of this experiment 
without knowing to what extent the fungus adsorbs and converts 
the compounds. 	In addition it can only be assumed that the 
metabolic activity of the fungus in the symbiotic state is 
similar to that displayed in pure culture. 	If the removal 
of the toxic effect of aspartic acid following mycorrhizal 
formation occurs because L. rufus metabolises the acid and 
reduces its flow into the seedling it implies that the 
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physiology of the fungus in the symbiotic state is dissimilar 
to that in pure culture. 
Alternatively there is some evidence that mycorrhizal 
formation leads to changes in the nitrogen metabolism of the 
host. 	Krupa et al. (1973) suggest that increased mineral 
nutrition resulting from mycorrhizal formation prevents the 
accumulation of supra-optimal amounts of certain amino acids 
of the ornithine cycle in host tissue. 	A similar nutritional 
effect may allow the incorporation of aspartic acid into the 
seedlings. 	This would be not so likely to happen in the 
case of serine which is thought to be less central to nitrogen 
metabolism. 
Krupa et al. also cite work by Williams et al. (1973) 
on amino-acyl-t RNA which indicates a more direct biochemical 
influence of the fungus resulting in an accelerated rate of 
protein synthesis in the host. 	A parallel increase may also 
take place in the fungus. 	In general it seems that nitrogen 
assimilation by mycorrhizas should be considered as occurring 
in a dual organism. 
Further research in this area is possible on at least 
two levels. 	In experiments similar to that described amino 
acids could be tested over a range of concentrations and in 
the presence of a range of ammonium concentrations. 	Other 
amino acids could be studied e.g. glutamine, generally thought 
to be the first product of ammonium assimilation or arginine, 
an important nitrogen storage compound in conifers (Durzan, 1967). 
The phenomenon of antagonism, when the inhibitory activity of 
one amino acid is reduced when others are supplied simultaneously, 
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deserves consideration. 
However, this experiment has demonstrated the difficulties 
of deducing the nature of a process solely from a growth 
response. 	Before the true nature of the interaction between 
ammonium, amino acids, and mycorrhizal fungi in nitrogen 
metabolism can be understood basic information is required on 
the kinetics of uptake, incorporation and transfer of the 
compounds involved. 	This could be approached by the use of 
radio—isotopes. 
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CHAPTER 6 
CONCLUSIONS 
In the first part of this study (Chapter 2) basic 
information was sought on the mycorrhizal association in 
Si-tics spruce so as to develop a host/fungus system suitable 
for physiological research. 	However, as the species has 
been so little studied some of the information is of wider 
relevance and indicates possible guidelines for a more 
systematic investigation. 
Many non-mycorrhizal fungi were isolated from surface 
sterilized root tips selected for their vigorous mycorrhizal 
development and other parts of the adsorbing root system are 
probably more completely infected by these fungi. 	Nursery 
stock of Si -tics spruce is reputedly susceptible to this type 
of infection but the extent to which the root flora of an 
established plantation reflects nursery conditions is 
unknown. 	Site factors such as humus type or previous 
vegetation may be more important. 	The pronounced effect 
of these fungi on the growth of seedlings in sterile culture 
where other micro-organisms are excluded cannot be extrapolated 
to mature trees in natural conditions. 	Nevertheless, they 
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probably do influence the longevity, senescence and decay 
of absorbing roots and thus their capacity for nutrient and 
water uptake. 
Repeated attempts to isolate mycorrhizal symbionts 
from roots were unsuccessful suggesting that the fungi 
involved may be "physiologically obligate" (Brian, 1967). 
As recent improvements in technique (Scott and Maclean, 
1969) have led to the isolation and culture of previously 
"physiologically obligate rusts this classification may no 
longer be viable and similar advances in mycorrhizal 
research would probably result in the isolation and culture 
of these ecologically important symbionts. 
Lactariusru±'us was successfully isolated from fructi-
fications and formed mycorrhizas in aseptic culture. 
Although there are reasonable grounds to suppose this an 
ecologically valid association a more detailed survey is 
required for confirmation. 	The regular and widespread 
occurrence of L. rufus fructifications in coniferous planta-
tions indicates that the fungus may be a common mycorrhizal 
associate of several species. 
The F. sitchensi/L. rufus association initially appeared 
to be very suitable for physiological study, fulfilling the 
first objective laid down in Chapter 1. 	The fungus grew 
relatively well in pure culture and mycorrhizas were readily 
synthesised, well developed and easy to distinguish from 
uninfected roots. 	L. rufus maintained the ability to form 
mycorrhizas throughout the period of study but its vigour in 
pure culture declined markedly and the experiments reported 
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in Chapter 4 were disappointing in this respect. 	New 
methods (Onions, 1971) for the long term storage of fungal 
cultures may overcome this problem. 	Alternatively it may 
prove possible to maintain isolates in a controlled 
symbiosis and re-isolate as required. 
All synthesis experiments were done in enclosed flasks, 
a technique often criticised but attractively simple and, 
provided that contamination was controlled, evidently satis-
factory for testing potential mycorrhizal symbionts. 	It is 
possibly less suitable for examining growth responses as 
conditions of low 002  concentration and high relative 
humidity with a glucose and vitamin enriched substrate may 
well favour the fungus in a host/fungus interaction. 	This, 
and the absence of interactions with the rest of the soil 
flora must be considered when interpreting results or 
attempting to apply them to more natural situations. 	Sterile 
growth chambers, radiation sterilised soil, and some provision 
for non-aseptic controls or for the introduction of a more 
complex soil flora would partly overcome these problems. 
Ideally, in culture systems used for aseptic synthesis, 
or pure culture trials, environmental optima for the species 
involved should be defined at the outset. 	In order to save 
time this was not done and in both cases nutrient levels, 
pH, temperature, daylengtb, etc. were selected on the basis 
of the methodology of other workers. 	Under the circumstances 
this was justified but the results must be qualified, 
particularly for important factors such as pH or the concen-
tration of inorganic nitrogen in the media. 
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The intensity of mycorrhizal infection of seedlings by 
L. rufus was very variable. 	A certain amount of the 
variation is attributable to the experimental conditions 
but there is little doubt that some seedlings were less 
susceptible to infection than others. 	If such individuals 
were identified and characterised they could prove valuable 
for research into the factors governing mycorrhizal formation. 
However, in experiments such as those reported in Chapters 
2 and 5 variation in seedling response only serves to mask 
treatment effects and more genetically homogenous material 
is desirable. 	In the absence of a technique for the aseptic 
propagation of clones controlled pollination seedlots offer 
the best compromise (Marx and Bryan, 1971). 
A variety of extraction techniques demonstrated the 
existence of free amino acids in Sitka spruce humus. 	No 
firm conclusions as to the extent of their occurrence can be 
reached on the basis of the small number of samples treated 
and, due to shortcomings in technique, the quantities 
measured may only represent minimum concentrations. 	These 
are, however, significant in relation to the amounts of 
mineral nitrogen found in humus. 	It is difficult to assess 
to what extent the acids are "free" in that they exist 
either in solution or on exchange sites but in view of the 
intimate association between the mycelium of mycorrhizal 
fungi and the organic matter in surface horizons it is 
reasonable to assume that most of the amino acid extracted 
could potentially influence mycorrhizal metabolism. 	Future 
work, as well as obtaining more reliable data on the basis 
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of which spatial and temporal variation in amino acids can 
be quantified, should also investigate their origin and rate 
of turnover. 
The third aim of the study was to determine the effect 
of amino acids on mycorrhizal metabolism and tree growth. 
The pure culture reactions of L. rufus to externally applied 
amino acids indicated that they clearly may influence its 
nitrogen metabolism. 	They seem likely, therefore, to do 	so 
under natural conditions where the mycelium of the sheath is 
exposed to amino acids both in root exudates and in humus. 
Growth was in fact better on ammonium than on amino nitrogen 
and mans amino acids reduced ammonium supported growth. 	In 
Chapter 4 the possible effects of concentrations and mixtures 
of amino acids were considered but it is unlikely that further 
growth studies can clarify the role of these compounds in the 
nitrogen metabolism of mycorrhizal fungi. 	More critical 
work on their uptake and incorporation is now required. 
The growth of non—mycorrhizal Sitka spruce seedlings on 
ammonium nitrogen was retarded by 0.05 mM serine or aspartic 
acid. Mycorrbizal seedlings were retarded by serine but 
not by aspartic acid. 	Lundeberg (1970) has proposed that 
the nitrogen sources available to the higher symbiont are 
probably those which the fungus itself is capable of utilising. 
While there may be some evidence for this with regard to 
nitrate (Carrodus, 1966, 1967; Smith, 1972) my results 
suggest that for amino nitrogen it is an oversimplification. 
More probably mycorrhizal formation leads to changes in the 
nitrogen metabolism of both partners which, in this case, 
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permit the assimilation or "detoxification" of aspartic 
acid by the dual organism. 	To test this hypothesis a 
programme of research into the pathways of nitrogen assimila-
tion in niycorrhizal and non—mycorrhizal roots is required. 
Such a study should pay particular attention to the factors 
governing the accumulation of nitrogen compounds by 
mycorrhizas and the manner in which they pass from the 
fungus to the higher plant. 
Previous research into other aspects of mycorrhizal 
physiology (Harley, 1969) indicates that under low nutrient 
conditions the symbiotic state confers a selective advantage 
on both partners. 	It is possible, therefore, that in mor 
humus the nitrogen metabolism of rnycorrhizas is adapted to 
conditions where nitrogen mineralisation is slow and organic 
nitrogen accumulates. 	Gadgil and Gadgil (1971) have 
suggested that the activities of mycorrhizal fungi in litter 
may even slow down decomposition and give rise to such 
conditions. 	Complex forms of organic nitrogen in humus 
are unlikely to be utilised by rcycorrhizal plants (Lundeberg, 
1970). 	Simpler forms, such as amino acids, are now known 
to be present and, while evidence that they are an important 
nitrogen source is still lacking, the possibility that they 
have some function in the nitrogen metabolism of mycorrbizas 
should not be ignored. 
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APPENDIX I 
AMINO ACID ANALYSIS 
1.1 COL0RIMTRIC DETERMINATIONS 
For colorimetric determination with ninhydrin amino 
acid samples must be free from dissolved ammonia. 	In this 
experiment they were treated with hot NaOH as recommended 
by Hirs (1967). 
The sample (200 l) was evaporated to dryness, under 
vacuum, in a glass tube (10 x 100 mm). One millilitre of 
4.0 N NaOH was dropped carefully on to the residue and the 
tube, lightly covered with aluminium foil, was autoclaved 
for 20 minutes at 121 0C and 15 p.s.i. The cooled alkali 
was then brought to pH 5.0 with 1.75 ml of 5.0 N acetic acid. 
After the addition of 1.2 ml of potassium cyanide - 
methyl Cellosolve - ninbydrin reagent (Yemm and Cocking, 
1955) the tube was shaken, stoppered with a glass marble 
and heated in a water bath for 15 minutes at 100 0C. 	The 
solution was cooled in tap water for 5 minutes and made up 
to 10 ml with 60% ethanol. 	An aliquot was transferred to 
a 10 mm glass cuvette and the optical density read against 
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a blank containing reagents only on an EEL Spectra set at 
570 mu. 
The concentration of amino acid in the samples was 
read from curves prepared by treating standard solutions 
in an identical manner. 	The values given in Table 32 
(p.52) represent the average of three determinations on 
each pair of samples. 
1.2 HIGH—VOLTAGE PAPER ELECTROPHORESIS 
In the Michi (1951) apparatus the paper hangs in a 
tank of white spirit cooled with water passing through a 
coil. 	The top of the paper is held in a trough connected 
to one electrode, and the lower end dips in a pH 2.0 buffer, 
consisting of 4 parts by volume of acetic acid to one of 
formic acid and 45 of distilled 1120  (Ambler, 1963). 	This 
buffer lies at the bottom of the tank and is connected to 
the other electrode. 
The amino acids were separated on sheets of Whatman No. 1 
paper, 22 cm by 57 cm. 	These carried up to four analytical 
samples and two standard amino acid mixtures (Milstein and 
Milstein, 1968) of 20 1 each applied as discrete 1.5 cm 
long strips along an origin 10 cm from the lower, positive, 
end of the paper. 	One of the standard solutions contained 
E-2.4—dinitrophenyl—lysine which served as a marker to judge 
the length of the runs. 
The paper was placed on a glass plate with the origin 
raised on glass rods and wetted with pH 2.0 buffer which was 
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allowed to creep up to the origin from each side. 	Excess 
buffer was removed by blotting and the paper was carefully 
hung in the tank of white spirit. 	.A potential of 5 kV was 
applied for 15 - 20 minutes until the marker had moved 
approximately 12 cm. 
After removal the paper was dried In a warm air cabinet 
and then dipped in 0.2% ninbydrin in acetone (Toennies and 
Kolb, 1951) with 1% crude collidine and a little glacial 
acetic acid (Levy and Chung, 1953). 	The colours were 
developed at 105 °C. 
1.3 ACID HYDROLYSIS 
Samples (0.2 - 0.5 ml) of the 1120  extract of the L and 
F horizons were dried under vacuum in Pyrex tubes (100 x 
12 mm) and 0.5 ml of fresh 6MJIC2 was added and then frozen. 
The tube was evacuated to 0.15 torr and sealed (Moore and 
Stein, 1963) to prevent oxidation. 
After hydrolysis for 24 hours at 105 0C the tubes were 
opened, the acid dried in high vacuum over NaOH pellets and 
the samples applied to the autoanalyser in the usual way. 
1.4 AUTOANALYSIS 
Automatic quantitative analysis of amino acids by ion-
exchange chromatography has been explained in great detail 
by Spackman et al. (1958). 	The accelerated system used 
here has been described by Benson and Patterson (1964). 	The 
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Evans Electroseleniuni Ltd. (EEL) instrument used pulverised 
and graded resin (Beckman 50B) (Spackman, Stein and Moore, 
1958) while the Beckman 1200 used resin polymerised in beads 
(Beckman PA35, Beckman VR30 and Locarte No. 12) (Benson and 
Patterson, 1965). 	The approximate sensitivity of these 
machines (j,un amino acid for 0.01 absorbance on the trace) is: 
EEL, 0.001 (Proline, 0.003) and Beckman, 0.003 (Proline, 
0.012) ('ieadway, 1969). 
For application 0.5 - 1.0 ml of each extract was taken 
to dryness in high vacuum over conc. H 2SO4 and then dissolved 
in 0.35 ml sodium citrate buffer, pH 2.2, containing 1 uii/rn1 
of norleucine and 2-amino-3-guanidopropionic acid. 	These 
elute separately from the protein amino acids and their 
presence on the elution trace checks the efficiency of the 
procedure and serves as a means of determining precisely how 
much sample has been applied to the column (Walsh and Brown, 
1962). 
The dissolved sample was centrifuged to take down any 
insoluble material and 0.15 ml of the supernatant applied to 
each column. 	Each complete run took aDproximately 4 - hours 
and the amino acids were identified by their positions of 
elution as recorded on a chart. 	The quantities were measured 
by calculation of the area under the peak on the chart 
compared with the area given by a known quantity of the same 
amino acid. 	These were first expressed as pm of amino acid 
per ml of sample and later converted to jig per g of air dry 
humus. 
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APPENDIX 2 
AMINO ACIDS USED IN CULTURE EERIMENTS 
Acid 	 Grade 
L-Alanine 	 Analytical 
L-Arginine (free base) 	 it 
I-ARpvgine hydrate U 
L-Cysteine 1101 hydrate 
L-Glutamic acid 
L-Methionine 	 It 










L-Aspartic acid 	Chromatographically homogenous 	B.D.H. 
L-Giutarnjne 	 - 
Glycine 	 ANALAR 
L--Cystine - 
L-Histidine 1101 	Chromatographically homogenous 	B.D.H. 
L-Tyrosine 	 of 	 h 
L-Leucjne 	 - 	 Cambrian 
L-iso-Leucine 	 ' I of 
L-Lysine 	 " it 
L-Phenylalanine 	 U 	 It 
L-Serine 
L-Threonjne 	 H 
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APPENDIX 3 
DESIGN AND ANALYSIS OF GROWTH ROOM EXPERIMENT 
3.1 DESIGN 
The table was divided into 4 blocks, each block 
coiii 	'° flask 	tior 	Qwv in T hpThw. 	Three Ui - 	-- - 





00 No amino 
AO Aspartic 
SO Serine 
ON No amino 
AM Aspartic 




acid -- L. rufus 
acid + L. rufus 
L. rufus 
ULA JU. ..L'JVV 
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3.2 	ANALYSIS 
Alternative methods for the analysis of variance in 
the total dry weight data are given below. 
The analysis was done on the averages of the three, 
or where appropriate, the two remaining replicates in each 
block. 	The missing value (00 I) was estimated according 
to Yates (1933) and the degrees of freedom in the total and 
error sums of squares were reduced by one. 
An ova 
Source of Degrees of Sum of Mean 	Corrected F variation freedom squares square mean square 
Blocks 3 72.553 24.184 	 0.12 
Treatments 5 11188.778 2237.756 	2233.370 	11.29*** 




Mean separation (all means underscored by same line not 
significantly different at 5%) 
SO SM A0 00 AM OM 
32.72 46.99 51.14 67.25 86.64 93.12 
All the data from block I was discarded. 	Missing values 
from A0 Block II and SO Block IV were estimated by iteration 
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(Snedecor and Cochrane, 1967) and the degrees of freedom 
were reduced by two. 
Anova 
Source of Degrees 





Total 	 51 
Sum of Corrected Mean 
squares Sum of squares square 
F 
19414.333 17713.840 3542.721 20.75*** 
1211.501 1105.602 552.806 3.24 




SO SM A0 00 
33.36 47.43 55.26 67.40 
AM 	OM 
88.18 	89.38 
(c) In these analyses there is no evidence for real differences 
between blocks. 	This was confirmed by re—analysing the 
original data (ignoring the treatments and missing values) as 
a one—way classification with unequal numbers, the blocks 
being the classes. 
Anova 





Sum of squares Mean square F 
	
934.379 	311.460 	0.44 
43746.076 705.582 
44680.455 
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(d) Under these circumstances the blocks can be ignored and 
the data analysed as a one-way classification with unequal 




































Although the error mean square in analysis (d) is greater 
than that in (b) the greater number of degrees of freedom 
associated with (d) allows a more effective mean separation. 
